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ABSTRACT

NORTHEASTERN SPECIES IN HYBRID CROSS LAMINATED TIMBER
MAY 2019
HAMID KABOLI, B.Sc., UNIVERSITY OF TEHRAN
M.Sc., UNIVERSITY OF TEHRAN
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Peggi L. Clouston

Known in the building industry throughout the world, Cross Laminated Timber
(CLT) is a massive timber building material with outstanding structural, fire, and seismic
properties. CLT is a cost-competitive, sustainable construction material is a good candidate
as a substitute material for concrete, masonry, and steel, in mid-rise and high-rise buildings.
CLT is perpendicular layers of dimensional lumbers usually laminated together and
forming a massive structural panel. This dissertation explores the viability of utilizing
Massachusetts grown Eastern Hemlock and Eastern White Pine in CLT panels as pure or
in conjunction with other high-value wood products. 59% of Massachusetts’ lands are
covered with timberlands, and in the absence of a sustainable market, only 20% of the
state’s capacity is harvested each year. Harvesting infested species such as Eastern
Hemlock needs an available market for low-quality timbers to justify thinning costs. CLT
can provide a sustainable market for local species with an opportunity to incorporate
underutilized species in the middle layers.
This dissertation included in-house fabrication of bending and shear specimens of
3-layer hybrid CLT panels. Analytical and experimental studies are applied following the
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guidelines of ANSI/APA-PRG 320, and the minimum requirements of PRG 320 CLT
grades were used to evaluate the structural performance of hybrid panels. The experimental
study included major direction long-span bending tests and short-span bending tests as
instructed in ANSI/APA-PRG 320 and rolling shear tests complying with ASTM D2718.
It was found that Eastern Hemlock hybrid CLT panels could meet the minimum
requirements for all PRG 320 CLT grades and bending and shear capacities of Eastern
White Pine hybrid panels were greater than the grades V1, V3, and E1.
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𝐴𝑖 = 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑙𝑎𝑦𝑒𝑟
𝑏𝑖 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑎𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑙𝑎𝑦𝑒𝑟
𝐷 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑟𝑜𝑑
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CHAPTER 1
INTRODUCTION

1.1. Overview
Cross laminated Timber (CLT) is a Massive Timber product that is a costcompetitive, sustainable construction material that balances the common wood light frame
and heavy timber construction methods, and is a good candidate for some applications that
currently use concrete, masonry and steel, especially in mid-rise and high-rise buildings
(Karacebeyli and Douglas 2013). CLT panels consist of 3 to 9 (odd number) crossed layers
of boards that are glued together to form a single timber panel. Nails, wooden dowels or
interlocking layers can also be used to fabricate CLT panels.

Figure 1 CLT panel layers configuration (Karacebeyli and Douglas 2013)
Cross laminated timber panels originated in Austria as a way to utilize the scrap
wood produced from milling conventional lumber (Sanders 2011a). Cross laminated
timber has been instrumental in the market growth of mid and high-rise mass timber
construction which addresses all the three disadvantages to timber construction which are
movement characteristics, durability, and fire (Dujić et al. 2008), and offer a high level of
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prefabrication and versatility in design and construction. CLT is very efficient in multi-story

buildings with seismic tests being performed on 3 and seven story buildings in Japan (Van
De Kuilen et al. 2011), and currently, an international competition has begun to build
wood-based high-rises using new wood technologies such as CLT panels. In 2017 the 18stories building completed in the University of British Columbia in Vancouver as the world’s
tallest wood building. This building uses 17 stories of cross-laminated-timber floors supported
on glue-laminated wood columns. Forte is a 10-story luxury apartment constructed in 2012 in
Melbourne, Australia. A 9-story building in 2009 in London and T3, a 7-story building, as the
largest massive timber building in the US, in 2016 are also other examples of projects which
are using CLT as one of their major structural elements.

Figure 2 18 stories building, University of British Columbia, Vancouver, 2018
(University of British Columbia )
There are also several tall wood projects that are in different stages of study and design
around the world such as Trätoppen 33-stories wood tower in Stockholm (Anders Berensson
Architects 2016) and 42-story Timber Tower project by Skidmore, Owings & Merril (SOM
2014).
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Figure 3 left: Trätoppen 33-stories wood tower in Stockholm (Anders Berensson
Architects 2016). right: Timber Tower, 42-stories project by SOM (SOM 2014)
This dissertation investigates the possibility of using low-valued eastern species to
fabricate CLT panels that meet the requirements of CLT codes and standards. Standard species

for CLT fabrication in Europe is structural C24-grade spruce or pine, which has a specific
gravity ranging from 0.42 to 0.50 at 12% moisture content (MC). Spruce-pine-fir (SPF)
and Norway Spruce are the common species for CLT manufacturing in North America and
Europe. ANSI/APA PRG 320–2012 suggests softwood species with a minimum specific
gravity of 0.35 for CLT manufacturing (Liao et al. 2017) ANSI standard delivers the
requirements for the use of visually graded, machine stress rated, and structural composite
lumber (SCL), in CLT panels (Kramer et al. 2013). ANSI standard for CLT also admits the
possibility of custom CLT layups and using custom grades and species by the qualification
and mechanical test requirements specified in that standard.
This dissertation explores the viability of utilizing Massachusetts grown Eastern
Hemlock and Eastern White Pine in CLT panels as pure or in conjunction with other highvalue wood products. Proof-of-concept research is ongoing to explore the structural
3

feasibility of using Eastern Hemlock and Eastern White Pine in CLT timber panels.
Conducted preliminary study by the author on Eastern hemlock as an underutilized species
incorporated in hybrid CLT will be explained, and results will be discussed. Analytical and
experimental studies are applied to evaluate the structural performance of hybrid CLTs,
and the results are compared with the ANSI standard to meet the minimum structural
requirements for standard grades. Following, the methodology for research will be assessed
and revised to be applied in the proposed study on Eastern White Pine.

1.2. Technical and Economic Benefits
CLT panels are providing much more than the strength offered by common wood
light framing, and it is also lighter than steel and concrete construction (Smith 2011) which
will also reduce the size of required foundation for the structure and need smaller cranes
for taller buildings. Using lower quality timber makes CLT panels more economical, as well
as being a more environmentally friendly system (Sanders 2011b). All the required panels for

construction can be prefabricated in the factory with all the openings and conduits built
into it which can considerably reduce the time and labor in construction. Good thermal
insulation, good sound insulation and good performance under fire are added benefits that
come as a result of a massive wood structure (Karacebeyli and Douglas 2013). Comparing
to steel and concrete, wood is an abundant and relatively more economic choice as a
construction material, and CLT offers the possibility of using underutilized resources as
well, which makes this product more cost competitive. Besides, CLT fabrication facilities
simple and efficient, and could be afforded by local industries to produce value-added
products out of low-value underutilized timbers available in the northeast. This can create
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many forest-based jobs that improves rural economy and encourages forest-based
economic development.

1.3. Forest Health Benefits
Massachusetts’s forests cover 3,035,792 acres of land or 61% of the State. Of this
acreage, 96% are considered “timberland”, capable of producing repeated timber crops,
which is a great capacity for forests of this state. 64% of the Massachusetts forests are
privately owned and overcrowded with small diameter and low valued species. Without a
market for these low-valued timbers, economic harvesting cannot happen, and declining
forest industry is exacerbating this problem. Currently, only 18.5% of annual growth is
being harvested, and the number of jobs in the forest products sector has been reduced
since peaks in the early 2000s, due to the migration of many manufacturing facilities to
other parts of the world (North East State Foresters Association 2015). This means a lack
of market for many wood products and also the harvested trees in Massachusetts. This
situation gets more critical when considering infestations such as wooly adelgid, emerald
ash borer, and Asian long-horned beetle are killing the trees in the area, and the entire state
is now under a USDA quarantine to limit movement of the pests to at-risk areas outside the
state. These infested trees will need available market to be harvested, otherwise can turn
into fuel for wildfires in the forests and lead to ecological damages including damage to
properties and humane race. Hybrid CLT including low-valued species can provide a
sustainable market to these underutilized species and encourage effective forest
management for maintaining rural forests and economic harvest which will enhance forest
health and benefit the forestry-based industries. CLT has the potential to use a massive
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amount of low-grade lumber and even selected infested trees to justify economic thinning
in private forests and broader forest management to revive forests health.

1.4. Environmental Benefits
CLT can be considered as the only sustainable construction material for mid-rise
and high-rise buildings. Fabricating CLT from sustainably managed forests’ wood
provides several environmental benefits. Wood as a renewable material is the major
component of CLT panels. Life cycle assessment studies demonstrate that wood in terms
of embodied energy, air pollution, and water pollution is considerably better than steel and
concrete. It also has less carbon footprint, as wood products sequester the carbon absorbed
by the trees in the form of structural elements in CLT panels. Also, CLT fabrication
facilities require less energy which leads to less greenhouse gas emissions (Perez-Garcia
et al. 2007). Fabricating hybrid CLT panels out of low-valued and infested timber
complements all environmental benefits of CLT panels as a wood-based product with
sequestering the carbon stored in the body of these underutilized species that could be
released in short-term as gas emissions through natural decay.
CLT offers excellent thermal performance which can help to reduce the energy
required to operate a building. The thermal conductivity of commonly used structural
softwood lumber at 12% moisture content ranges from 0.7 to 1.0 Btu·in./(h·ft.2 ·°F)
(TenWolde et al. 1988). This is about one-third of steel and greatly lower than concrete,
which is about 2 to 4 times of thermal conductivity of the common insulation materials.
CLT panels can add a reasonable amount of thermal resistance to building depending on
thickness (Samuel V. Glass et al. 2013). Also, CLT is a massive timber product with a
considerable thermal mass which is identified as a contributor to overall savings in a
6

building’s energy costs due to peak load shifting (Jennifer O’Connor et al. 2013). There
are more technical, economical, forest health and environmental benefits that are known to
hybrid CLT panels that are out of the scope of this dissertation.
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CHAPTER 2
BACKGROUND

2.1. Eastern Hemlock
2.1.1. Availability and Marketing

Figure 4 Eastern Hemlock tree, cones and needles and bark (USDA Web 2017b;
cirrusimage.com 2017)
Eastern hemlock (Tsuga canadensis) is a relatively inexpensive and highly abundant yet
underutilized species growing from New England to northern Alabama and Georgia and in
the Great Lake States. It is also named as Canadian hemlock and hemlock‑spruce (Ross
2010). Eastern Hemlock grows on almost 19 million acres of forest in the Eastern United
States (Schmidt and McWilliams 1996) and is the predominant species on 2.3 million acres
(McWilliams and Schmidt 2000). Eastern Hemlock covers 18% of the northeast forests
(Oswalt et al. 2014) and is considered as the 4th abundant sawtimber tree on Massachusetts
timberlands after Eastern White Pine, Red Maple and Northern Red Oak with 2280 million
board ft. Volume of sawtimber (Butler 2016).
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Figure 5 Native range of Eastern Hemlock in the northeast in 1990 and 2017(Godman and
Lancaster 1990; USDA Web 2017b)

Figure 6 Hemlock forests in the state of Massachusetts

Eastern hemlock can live for 800 years or more (Godman and Lancaster 1990), and a
mature tree can reach over 175 feet tall with a diameter of more than 6 feet (Ward et al.
2004). Hemlock is most often managed as a major or minor component of a mixed stand
of trees (Lancaster 1985). Usually, Eastern Hemlock lumber is sold green or air dried and
not graded. Eastern Hemlock does not have as much twist as eastern Spruce and Fir, but it
is usually weaker than those species.
9

Although Eastern hemlock is one of the main components of northeast forests, it has never
reached the levels of high demand in the market, unlike Eastern White Pine that was the
primary commercial species in the northeast and the northcentral United States for years
(Howard 1986), and Eastern Spruce and Fir are named as the most of softwood harvested
(Howard et al. 2000). Eastern Hemlock is never accepted as a major commercial species
due to certain inherent undesirable characteristics that will be covered in the next section.
Eastern Hemlock maintains 22% of the total volume of softwood growing stock in the
Northeast (Powell et al. 1993) and most of the harvest is used as pulp and paper, lumber,
and mulch. Hemlock is estimated to be 7 percent of the sawtimber and 12 percent of the
annual pulpwood harvest in New England in 1999 (McWilliams and Schmidt 2000).
Hemlock wood is odorless and was mainly used for food containers. Other commercial use
of Eastern Hemlock had been its bark as a source of tannin for tanning industry, which is
not anymore. The bark is only used for landscaping mulch today. The long-term price
performance of Hemlock saw timber and pulpwood advise that hemlock has hardly kept
pace with inflation. (Howard et al. 2000).
On the other hand, most of the Massachusetts Eastern Hemlock timberlands are privately
owned, and low market value of Eastern Hemlock makes harvest and thinning less
economic. However, implementing wood technologies like fabricating hybrid CLT panels
out of low-value timbers like Eastern hemlock, makes this process feasible. Value-added
products such as CLT provide a market for underutilized species such as Eastern Hemlock,
so with a sustainable harvest plan, plenty of trees will be available for this purpose.
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2.1.2.Wood Properties, Defects, and Challenges
Eastern Hemlock wood is uneven in texture and tends to have considerable ring
shake. It has moderate strength properties, low resistance to splitting is harsh and splintery,
is not decay resistant and also is resistant to preservative treatment (Howard et al. 2000).
Other undesired properties of Eastern Hemlock include brittleness, density variations and
differential swelling (Gardner and Diebel 1995). Table 1 and Table 2 shows the average
known physical and mechanical properties of Eastern Hemlock (Ross 2010). However, this
dissertation conducted measurements on corresponding parameters and is presented in the
following chapters.
Table 1 Eastern Hemlock physical properties (Ross 2010)
Density

Shrinkage From Green To Ovendry

Thermal Conductivity

0% MC

23.7

lb/ft3

12% MC

28

lb/ft3

Radial

3

%

Tangential

6.8

%

Volumetric

9.7

%

0% MC

0.69

Btu.in/h.ft2.℉

12% MC

0.84

Btu.in/h.ft2.℉

Table 2 Eastern Hemlock mechanical properties (Ross 2010)
Moisture Content
Green

12%

Specific Gravity

0.38

0.40

Modulus of Rupture

6,400

8,900

lb/in2

Modulus of Elasticity

1.07

1.20

x106 lb/in2

Work to Maximum Load

6.7

6.8

in.lb/in3

Impact Bending

21

21

In

Compression Parallel to Grain

3,080

5,410

lb/in2

Compression Prependicular to Grain

360

650

lb/in2

Shear Parallel to Grain

850

1,065

lb/in2

Tension Prependicular to Grain

230

-

lb/in2

Side Hardness

400

500

lb
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Ring shake is the lengthwise separation of wood that happens between and parallel
to growth rings (Baumgras et al. 2000) and is one of the more serious problems affecting
utilization of hemlock lumber (Gardner and Diebel 1995). There are several reasons named
for occurrence of ring shake such as sudden changes in diameter growth rates (Koehler
1933), separation of contiguous latewood tracheids along the middle lamella (Meyer and
Leney 1968), internal growth stresses, wind and temperature extremes (Harvard
University. Black Rock Forest and Wilson 1962), scars and decay resulting from sapsucker
damage (Shigo 1963) and also internal stresses due to cell structure changes resulting from
sapsucker wounds (Jorgensen and Lecznar 1964).

Figure 7 Ring shake in Eastern Hemlock
According to Northeastern Lumber Manufacturers Association (NELMA), ring
shake is not allowed in the better and more valuable grades of hemlock boards (C, D,
Select, or 1 Common grade) (Brown and Sendak 2006), however according to national
grading rules, it is allowed in structural grades but can reduce the grades of dimension
lumber for structural framing and decking (NELMA 2013).
2.1.3.Wooly Adelgid
Hemlock Wooly Adelgid (HWA) (Adelges tsugae) is a small, aphid-like sucking
insect (Orwig and Foster 1998) threatens the health and sustainability of eastern hemlock
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and causes damage by draining the hemlock’s starch reserves, which in turn reduces the
tree’s ability to grow and reproduce (Ward et al. 2004). The insect colonizes in the smallest
branches of eastern hemlock and reduces tree vigor by feeding on xylem ray parenchyma
cells (Young et al. 1995). This pest can kill the tree in 4 years (McClure 1991), but it usually
takes 2 to 12 years for the tree to die.

Figure 8 Eastern Hemlock infested branch by Hemlock Woolly Adelgid (USDA Forest
Services )
HWA is native to Honshu, Japan (McClure and Cheah 1999). It was first discovered
in eastern North America in 1951 and the late 1980s, HWA began to rapidly spread in
hemlock forests which it has since spread to 17 eastern states and threatens two species of
hemlock (Eastern Hemlock, Tsuga canadensis (L.) Carr. and Carolina Hemlock, Tsuga
caroliniana Engelm). HWA currently infests nearly one half of the native range of hemlock
in the East (USDA FS 2013).
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Figure 9 Hemlock Woolly Adelgid infestation in Northeast forests (USDA Forest Services)
While hemlocks in Western North America and Eastern Asia are believed to be
resistant, Eastern Hemlock and Carolina hemlock are very vulnerable (Ward et al. 2004).
HWA has no known natural enemies in eastern North America and can be transferred via
wind, birds, deer, and human activities (McClure 1989). Also, Eastern Hemlock has shown
no resistance to HWA and infested trees have limited chance for recovery (McClure 1995).
The HWA population increased in 2015-2016 due to warmer temperatures during the
winter season (USDA 2017) and continues to spread at an average rate of 12.5 km per year
(USDA FS 2013).
A major concern is a large amount of standing dead trees shortly, which, when they
decay, may pose a risk of falling on people and property or turn into fuel for forest fires.
Harvesting the trees is a potential solution to this threat. HWA infests the branches, but the
body of the tree is not compromised and can provide quality timber for certain products.
This undesired infestation to hemlock can cause a short-term market surplus for Eastern
Hemlock (Howard et al. 2000), but to make harvesting economical, a substantial market is
14

needed whereby the value of timber product exceed the thinning costs. CLT panel can
provide this market; Incorporating Eastern Hemlock in the fabrication of CLT in pure or
as hybrid panels can enhance the widespread utilization of such low-value timbers and
offer an efficient way of marketing these trees.
2.1.4.Eastern Hemlock in Hybrid Wood Products
Eastern Hemlock has limited acceptance as structural lumber due to undesired
properties such as ring shake, and there are few studies conducted to improve the structural
performance by engineering methods and wood technologies. Lopez-Anido et al. studied
adhesive bonding of Eastern Hemlock glulam panels with E-glass/vinyl ester
reinforcement and evaluated Eastern Hemlock to be capable of creating an effective bond
with potential reinforcements in hybrid structural members (Lopez-Anido et al. 2000).
Dagher et al. examined FRP reinforced low-grade Eastern Hemlock glulam and reported
56% increase in strength properties and up to 37% increase in stiffness by addition of 13% FRP reinforcement (Dagher et al. 1996). The author of this dissertation, studied
structural improvement of Eastern Hemlock vertical glulam by introducing a reinforcing
layer of Laminated Veneer Bamboo (LVB) on tensile zone of the beam and 16% increase
in stiffness, 30% increase in ductility and 57% increase in Modulus of Rupture (MOR) was
noticed by adding 11% of LVB reinforcement (Kaboli and Clouston 2019). The published
study is included in Appendix B. These studies demonstrate the capability of Eastern
Hemlock as a low grade and undervalued species to be used in higher quality engineered
products such as glulam and hybrid glulam for structural purposes. CLT also provides a
great opportunity for such undervalued species to be used in massive amounts for
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production of a high-performance value-added product sustaining long term market growth
and stability for Eastern Hemlock and Eastern White Pine.

2.2. Eastern White Pine
Pinus Strobus L, Eastern White Pine, is the largest conifer of the eastern and upper
Midwest forests. White pine wood is soft, straight-grained, easily cut, polishes well, and,
when seasoned, warps but little. White pine is the most commonly planted tree within its
range with 40,000,000 seedlings planted yearly (Eckert and Kuser ). Eastern White pine is
a fast-growing species which makes it a good choice for sustainable harvesting and forest
management on timberlands.

Figure 10 Native range of Eastern White Pine (USDA Web 2017a)
Eastern White pine is the first rank species in Massachusetts by 9,468 million board
ft. Volume of sawtimber trees on timberlands and third harvest material with almost 15%
of harvest volume, ranked after North Red Oak and Red Maple. The overall growth to
removal ratio across Connecticut, Massachusetts, and Rhode Island is 5:1 indicating the
region is producing five times more wood than is being harvested (Butler 2016). This fact
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shows the high capacity of the Northeast as a resource for mass timber products in the
availability of a sustainable market.
Eastern White Pine among Northeast species as an abundant wood timber can be a
good candidate for manufacturing CLT panels, and its structural performance as a
component of cross laminated timber is not evaluated yet. ANSI/APA PRG 320 has
included Eastern Softwoods in E-rated class of CLT panels but has not included species
such as Eastern White Pine or Eastern Hemlock as specific species for any of the
established CLT grades incorporating machine rated or visually graded lamstock.

2.3. Cross Laminated Timber
2.3.1. Design Methods and Standards
Experimental and analytical methods are possible and applied procedures for the
determination of basic mechanical properties of CLT panels. Experimental methods are
more accurate but more costly and need to be repeated each time that the lay-up or any of
the manufacturing parameters changes. However, analytical methods, once verified with
the test data, offer a more versatile and less costly approach to predict mechanical
properties of CLT panels based on properties of incorporating materials. There are three
analytical methods are more common for analyzing CLT mechanical properties.
“Mechanically Jointed Beams Theory”, “Composite Theory” and “Shear Analogy”.
“Mechanically Jointed Beams Theory” also known as “Gamma Method”,
developed in 1955 by Professor Karl Möhler and is the most adopted method in Europe
(Gagnon and Pirvu 2011) which is included in Annex B of Eurocode 5 (EN 2004). This
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method introduces “Effective Stiffness” concept and “Connection Efficiency Factor” (γi)
accounts for the shear deformation of the perpendicular layer (γ=1 for completely glued
and γ=0 no connection). This approach considers CLT panel as beams (longitudinal layers)
and mechanical fasteners (cross-layer) connecting the longitudinal layers. Shear
deformation in longitudinal layers is neglected, and rolling shear properties defines
fasteners’ properties. CLT panel is considered as simply supported with a sinusoidal load
distribution, so it is exact for simply supported beams with sinusoidal loads and can be
adjusted for cantilever CLT slabs; however, the differences between the exact solution and
those for uniformly distributed load or point loads are minimal and are acceptable for
engineering practice (Ceccotti 2003).
“Composite Theory”, also known as “k-method” is the other analytical method
developed by Blass and Fellmoser in 2004 and is mostly in the plywood industry. This
method considers different modulus of elasticity for longitudinal and cross layers (E90 =
E0/30) and neglects the shear deformation in all layers and is reasonably accurate just for
the high span-to-depth ratio. K factor is determined for load configurations in both major
and minor direction as an adjustment factor for both strength and stiffness factors:
𝑓𝑏,𝑒𝑓𝑓 = 𝑓𝑏 × 𝑘
𝐸𝑏,𝑒𝑓𝑓 = E × 𝑘
“Shear Analogy” (Kreuzinger 1999) method is the most recent, accurate and widely
accepted analytical method for CLT panels (Gagnon and Pirvu 2011). This method is
considering shear deformation for all layers and is not restricted to some layers or span to
depth ratio. This method separates characteristics of CLT panel into two virtual beams A

18

and B while the two beams are coupled with rigid members, so that beam A and B would
have the same deflections. Beam A is representative of the flexural strength of the
individual layers along their neutral axes, while B is given the “Steiner points” of the
flexural strength, the flexible shear strength of the panel, as well as the flexibility of all
connections.

Figure 11 (a) Virtual beams A, B and rigid web (b)Bending and shear strength in beam A
(c) Bending and shear strength in beam B (d) Final stress distribution, superposition of
the beams A and B (Kreuzinger 1999)
In December 2011, ANSI/APA PRG 320, a standard for Performance-Rated CLT
was published by the ANSI/APA CLT standard committee and updated in 2012 (ANSI
2012). This standard motivated acceptance and harmonization of CLT panels in North
America (US & Canada). The ANSI/APA PRG 320 standard has been approved by the
Structural Committee of the International Code Council (ICC) and is included in the 2015
International Building Code (IBC 2015) and also there is a chapter assigned to CLT in
2015 edition of National Design Specification (NDS) For Wood Construction (American
Wood Council 2015). ANSI/APA PRG 320 considers Shear Analogy method as the main
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analytical method for evaluating mechanical properties of CLT panels. This dissertation
follows methods and instructions provided in ANSI/APA PRG 320 as the broadly accepted
standard to evaluate the structural performance of CLT panels.
2.3.2. CLT Requirements
3. Table 3 CLT grades in ANSI/APA PRG 320
E1

1950f-1.7E Spruce-pine-fir MSR lumber in all parallel layers and No. 3 Sprucepine-fir lumber in all perpendicular layers

E2

1650f-1.5E Douglas fir-Larch MSR lumber in all parallel layers and No. 3
Douglas fir-Larch lumber in all perpendicular layers

E3

1200f-1.2E Eastern Softwoods, Northern Species, or Western Woods MSR
lumber in all parallel layers and No. 3 Eastern Softwoods, Northern Species, or
Western Woods lumber in all perpendicular layers

E4

1950f-1.7E Southern pine MSR lumber in all parallel layers and No. 3 Southern
pine lumber in all perpendicular layers

V1

No. 2 Douglas fir-Larch lumber in all parallel layers and No. 3 Douglas fir-Larch
lumber in all perpendicular layers

V2

No. 1/No. 2 Spruce-pine-fir lumber in all parallel layers and No. 3 Spruce-pinefir lumber in all perpendicular layers

V3

No. 2 Southern pine lumber in all parallel layers and No. 3 Southern pine lumber
in all perpendicular layers

ANSI/APA PRG 320 introduces seven grades of CLT layups, four layups with
MSR laminations in parallel layers (E Grade) and three layups with visually graded
lamination in parallel layers (V Grade) (Table 3). All CLT layups shall meet the structural
performance based on the properties provided in that standard (Table 4).
Table 4 Required Characteristic Test Values for PRG 320 CLT
Major Strength Direction

Minor Strength Direction

CLT
Grade

fb,0
(psi)

E0
(106psi)

ft,0
(psi)

Fc,0
(psi)

Fv,0
(psi)

fs,0
(psi)

fb,0
(psi)

E0
(106psi)

ft,0
(psi)

Fc,0
(psi)

Fv,0
(psi)

fs,0
(psi)

E1

4,095

1.7

2,885

3,420

425

140

1,050

1.2

525

1,235

425

140
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E2

3,465

1.5

2,140

3,230

565

190

1,100

1.4

680

1,470

565

190

E3

2,520

1.2

1,260

2,660

345

115

735

0.9

315

900

345

115

E4

4,095

1.7

2,885

3,420

550

180

1,205

1.4

680

1,565

550

180

V1

1,890

1.6

1,205

2,565

565

190

1,100

1.4

680

1,470

565

190

V2

1,835

1.4

945

2,185

425

140

1,050

1.2

525

1,235

425

140

V3

2,045

1.6

1,155

2,755

550

180

1,205

1.4

680

1,565

550

180

Custom CLT grades are permitted by ANSI/APA PRG 320 if complying with the
qualification and mechanical test requirements in that standard. This dissertation explores
structural viability of fabricating hybrid CLT panels using low-grade Eastern Hemlock and
Eastern White Pine and follows instructions in ANSI/APA PRG 320 to evaluate structural
performance of the hybrid CLTs and compare the results with structural performance
requirements for existing CLT grades.
2.3.3. Rolling Shear
Rolling shear is the shear stress perpendicular to the grain direction which may lead
to significant shear deformation due to low rolling shear stiffness (Fellmoser and Blass
2004). Rolling shear strength and stiffness in cross layers of CLT panel can control the
design and can affect the load bearing behavior because of the material’s anisotropy
(Mestek et al. 2008)
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Figure 12 (a) Rolling shear stress in wood fibers (Fellmoser and Blass 2004) (b) Rolling
shear stress and deformation in 5 layer CLT panel (Loren A. Ross et al. 2013)
Many factors are controlling rolling shear modulus (GR) including but not limited
to: species, cross-layer density, lamination thickness, moisture content, sawing pattern
configurations, size and geometry of the lamination’s cross-section, etc. (Steiger et al.
2008). Lamination size in cross layers is the most important named factor for rolling shear
strength (fs) which is required by PRG 320 to have a net width of 3.5 times the lamination
thickness if it is not edge bonded.
Span to Depth ratio plays a significant role in the proportion of shear deformation
in CLT panels. Figure 11 shows the proportion of shear and bending deformation versus
span to depth ratio for the solid wood panel. As can be seen, the share of shear deformation
in span to depth ratios of greater than 30 is not significant, but in ratios, less than ten shear
contributes to more than 50% of the bending beam deformation.

Figure 13 Shear and bending deformation versus span to depth ratio for the solid wood
panel (nominal thickness 60 mm)(Fellmoser and Blass 2004)
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The shear issue gets more critical in CLT panels as the cross layers have
considerably lower stiffness and strength. Suggested values for rolling shear modulus (G90)
and rolling shear strength (fs) in PRG 320 are 1/10th of shear modulus (G0) and 1/3rd of
shear strength (fv) in the longitudinal direction respectively. This lower rate of stiffness and
strength in cross layers makes rolling shear a controlling factor in CLT designs, especially
in lower span to depth ratios.
2.3.4. Low-value wood in CLT mid-layers
ANSI/APA PRG 320 names some species such as Spruce-pine-fir, Douglas-firLarch, Eastern Softwoods, Northern Species, Western Woods and Southern pine as the
species that could be used in the suggested CLT grades fabrication. However, this standard
does not restrict the use of other softwood or hardwood species in CLT panels and needs
the custom CLT layups to comply with required physical and mechanical properties.
Several attempts have been made to investigate the structural viability of using less
common species. Hindman and Bouldin in 2014 examined mechanical properties of
Southern Pine. Bending strength, bending stiffness, and resistance to shear by compression
loading properties met or exceeded the requirements of the V3 grade CLT in ANSI/APA
PRG 320. However, the results on resistance to delamination with a high COV did not meet
the established criteria. Hindman and Bouldin fabricated the total of ten five-layer CLT
panels using Southern Pine No.2 in parallel and No. 3 in perpendicular layers. Average
bending and shear capacity of beams were measured and compared with established CLT
grades which all the values were higher than the strength requirements in grade V3 in PRG
320. Short span test specimens were cutouts from each CLT panel after bending tests
(Hindman and Bouldin 2014)
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Kramer et al. (2013) fabricated seven 3-layer Poplar CLT panels using No.2 or
better in all layers and reported characteristic values for MOR and MOE as 2,640 psi (COV
25.9%) and 1.03x106 psi (COV 5.9%) respectively. Kramer et al. used the “k method” to
adjust the MOE and MOR acquired from test results and then compared the 5th% values
with characteristic values for CLT grades in PRG 320. Characteristic MOR values were
higher than the listed values for Grade E3, while MOE values did not meet the requirements
for any of the CLT grades. Short span tests were also conducted on 8 specimens which
resulted to the calculated 5th% value of 76.87 psi (COV 15.1%) for rolling shear strength
of CLT panels that don’t meet the minimum characteristic rolling shear strength of 115 psi
of E3 Grade.
Wang et al. (2014) examined the feasibility of using Poplar in CLT panels as well.
Wang et al. fabricated five 3-layer CLT panels with layups and test results are shown in
Table 5. Methods are mentioned to comply with ANSI/APA PRG 320, and final results are
compared with required characteristics values in PRG 320. Most layups met criteria for
stiffness and bending properties, but shear properties were lower than required values.
Table 5 CLT layups and summary of test results (Wang et al. 2014)
Type

Outer Layer

Cross Layer

fb,0
(psi)

E0
(x106 psi)

fv,0
(psi)

fv,90
(psi)

1

Poplar

Poplar

6042.28

0.87

290.08

175.50

2

Douglas fir

Poplar

4577.40

1.17

285.72

158.09

3

Monterey
Pine

Poplar

5979.92

0.90

261.07

149.39

4

Monterey
Pine

Monterey Pine

6461.44

0.92

295.88

117.48

5

Douglas fir

Douglas fir

5035.72

1.26

314.73

179.85
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Liao et al. in 2017 investigated the viability of manufacturing CLT using fast grown
small diameter eucalyptus. CLT panels were made out of No.2 or better grade of lumbers
and tested for the third point bending, variable span test and short span test in both major
and minor directions. Mean values for MOE and MOR in major and minor strength
directions were 1.66 x106 psi and 3553.43 psi, .988 x106 psi and 1247.32 psi, respectively.
The average rolling shear modulus and strength in major and minor strength directions
were also reported as 13,314.46 psi & 188.55 psi, and 35,041.12 psi & 72.52 psi. Jiao et
al. have compared the mean values with results from Spruce-pine-fir CLT test results (Zhou
et al. 2016) and poplar hybrid CLT test results (Wang et al. 2014) which confirmed the
acceptable structural performance of eucalyptus CLT panels (Liao et al. 2017).
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CHAPTER 3
OBJECTIVES AND SCOPE
The goal of this research was to investigate the possibility of using Northeastern
species including Eastern Hemlock and Eastern White Pine in the production of CLT
panels. The design properties of panels comprised of 2 northeastern species should satisfy,
at least, the minimum CLT grade design properties specified in Annex A of ANSI/APA
PRG320-2018. Furthermore, this technical knowledge will be transferred to stakeholders
(forest landowners, foresters, architects and engineers) to promote the establishment of
CLT production facility in the Northeastern United States.
Critical activities and corresponding objectives which supported this goal were
outlined as follows:
1.

Acquire and prepare the lamstock, including cutting, jointing and plaining the
laminations for CLT manufacturing.

2.

Structural evaluation of the lamstock by conducting nondestructive
mechanical tests such as flatwise bending tests. The provided information was
used in the analytical study and predictive models.

3.

Development of analytical models to predict mechanical response of CLT
panel layups following the instructions of CLT Handbook and ANSI/APA
PRG-320. This stage provided a modeling methodology for designing the
custom layups for CLT panels.

4.

Characterization of the spatial variation of wood properties along the length
of the lamination and the corresponding effects on the overall structural
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performance of the CLT panels. This stage included hand measuring of the
natural defects and surface imaging of the boards to be used in a parallel study.
5.

Fabrication of full-scale CLT panels and preparation of test specimens
following the instructions of PRG 320 and ASTM test standards.

6.

Conducting experimental tests using standard performance criteria and test
procedures per ANSI/APA PRG-320-2012 to evaluate CLT panels
mechanical behavior. Tests included long-span bending tests, short-span
shear, and rolling shear tests.

7.

Evaluation of CLT panels’ structural performance in comparison with
ANSI/APA PRG 320 CLT grades.
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CHAPTER 4
METHODOLOGY
The research goal of this dissertation is to verify the structural feasibility of
incorporating low-value Northeastern Softwoods in CLT panels. This dissertation tends to
examine if the mechanical properties of hybrid CLT panels comprised of Northeastern
species meet the minimum requirements of CLT grades described in ANSI/APA PRG 320.
In order to be capable of comparing research outcomes with accredited CLT grades
compliance with ANSI/APA PRG 320 instructions for custom layup CLT panels are
necessary. Also exploring the special variation of mechanical properties in Lamstock and
its correlation with the structural behavior of CLT panel is the objective of a parallel study
to this research which is also including the development of stochastic probabilistic models
to predict structural performance of composite CLTs. To reach these goals, researchoriented objectives were as follows:

4.1. Lamstock Preparation
The desired number of targeted species (Eastern Hemlock, Eastern White Pine, and
MSR lumber) were purchased to fabricate prototype CLT panels. This dissertation
considered fabrication of 5 Eastern Hemlock, and 5 Eastern White Pine 3 layer hybrid CLT
panels of 12 ft. long, including MSR lumbers in the bottom (tension) layer and
Northeastern species in the top and middle layers. 4 panels of each configuration were used
as bending specimens, and the other one were cut into specimens for short-span bending
tests and rolling shear tests. For the exact number of the required samples, instructions of
ASTM D2915, as recommended by PRG 320, were followed. Acquired lamstock were

28

conditioned and machined as needed in-house to meet the dimensional and physical
requirements of PRG 320.

4.2. Lamstock Evaluation and Property Database Development
All ungraded lumber were visually graded by National Grading Rules, and qualified
lumbers were selected for CLT fabrication. Non-destructive flatwise bending tests were
done on all qualified Lamstock by ASTM D-4761 “bending flat-wise - center-point
loading” (ASTM 2002). Non-destructive bending tests created a database of MOEs for all
lumbers which developed a better understanding of mechanical properties of laminations.
This data was used in the development of analytical models to determine the layup for CLT
fabrication and assignment of materials to each CLT panel.

4.3. Spatial Variation Characterization
In order to characterize the spatial variation of wood properties, a selected number
of lumbers from both MSR and visually graded groups were examined for natural defects
along the length of the lumber. In this dissertation, knots were the major interest as one of
the known natural wood defects that can considerably compromise the mechanical
properties of structural lumber. Knots were numbered and sized and location of knots on
all sides were recorded to map out a knot pattern of all selected lumbers. Next, nondestructive incremental short-span flatwise bending tests were done on these boards to
explore the variation of MOE along the length of lumbers. One further step was surface
imaging of all 4 sides of lumbers that were qualified for fabrication of CLT panels which
provided graphical data of lumbers with detectable defects on them to be used in a joint
study on the structural performance of Northeastern hybrid CLT panels.
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4.4. Analytical Model
Analytical models were established in order to develop an understanding of the
mechanical properties of possible layups for hybrid CLT panels. A database of the
laminations mechanical properties was developed and used to determine layup
combinations using low-quality Northeastern species in CLT panels. Shear Analogy
method as the most accepted analytical method for CLT panels was used in this dissertation
to predict structural performance of proposed CLT panels.

4.5. CLT Panels Fabrication
Full-size hybrid CLT panels were fabricated incorporating visually graded local
lumber in the top and middle layers and MSR lumber in the bottom layer. Desired
temperature, moisture content and pressure were in accordance with structural adhesive
instructions.

4.6. Experimental Tests
Four- point bending tests by ASTM D-198, as instructed by PRG 320, were
conducted on hybrid panels prepared for bending tests to evaluate strength and stiffness
properties of hybrid CLT panels in bending (ASTM 2013). Shear properties of proposed
CLT panels were understood through conducting short-span bending tests in accordance
with ASTM D-4761 and ASTM D-198. Rolling shear and short-span tests were done as
instructed in ANSI/APA PRG 320 in compliance with ASTM D2718.
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4.7. Comparison of Analytical and Experimental Results
As the final step, the results from experimental tests were processed and compared
with analytical predictions to evaluate the structural performance of fabricated CLTs and
accuracy of analytical predictions.
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CHAPTER 5
EXPERIMENTAL STUDY

5.1. Lamstock Evaluation and Property Database Development
5.1.1. Material Preparation
In the process of looking for a milling company to purchase Eastern Hemlock for
this dissertation, it was noticed that very limited number of mills are selling Eastern
Hemlock as dimensional lumber and it is mainly sold as green and ungraded lumber. A
total of 83 Eastern Hemlock nominal 2x4 boards of 12 ft long were purchased in 3 separate
batches from two local mills in Western Massachusetts. The lumber came with no
designated stress grade because Eastern Hemlock is not used commercially as a structural
material. Out of 83 boards, 10 were unqualified including 2 boards that showed significant
ring shake (Figure 7). The Hemlock boards were air-dried to an average Moisture Content
(MC) of 10.4 (COV 4.34%). Boards were selected visually in the source mill to not have
extreme warp or extreme defects in them. All Eastern Hemlock boards were reportedly air
dried at the mill for over 6 months but when received they were wet on the surface, so they
were let to dry in the BCT Wood Mechanics Lab for an additional 3 weeks to an average
MC of 10.4 (COV 4.34%). All boards were jointed and planed to the final width of 3.3 in
and 1.3 in of thickness and were cut to 12 ft. on length. Laminations for first CLT were
used a few days after preparation and the rest were kept in an environmental chamber at
65%RH and 20⁰ C to maintain the average MC of 12%.
Eastern White Pine boards were purchased as kiln dried 2x4 lumbers with average
MC of 10.5 (COV 6.63%) from a local mill in Western Massachusetts. The 56 boards were
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delivered with a width of 3.375 in and 1.375 in of thickness and cut to 12 ft in length and
were also delivered with no designated stress grade.
The machine stress rated (MSR) boards of SPF grade 2100Fb-1.8E were acquired
in 2 sets from a local truss manufacturer. First set included 40 MSR boards with an average
MC of 9.73 (COV 5.5%). These boards were machined to the final dimensions of 3.3 in
wide, 1.3 in thick and 12 ft long to be used with Eastern Hemlock boards in CLT
fabrication. The second set comprised 30 boards of 12 ft long which were jointed and
planed to the final width of 3.375 in and 1.375 in of thickness. The MSR boards were
maintained at an average MC of 14.83 with COV of 3.5%. The moisture contents are
measured in the lab by a handheld moisture meter (Delmhorst RDM-3).

Figure 14 MSR grade stamp
5.1.2. Visual Grading
Eastern Hemlock and Eastern White Pine boards were not delivered graded, so they
were graded by the author in the house according to NELMA grading rules for structural
lumbers (NELMA 2013). The boards were visually graded into 4 grades of Select
Structural, No.1, No.2, and No.3.
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5.1.3. Flatwise Bending Tests
Nondestructive, flatwise 3-point bending tests were conducted on all boards to
evaluate material stiffness. Tests were done in compliance with ASTM D198 with a clear
span of 138 in. The test speed was 1 in/min and the data acquisition rate was 5 Hz. The
boards were loaded to less than 20% of the expected proportional limit (approximately 1.5
in displacement) to avoid any permanent deformation in the boards. Table 6 presents the
results. Interestingly, it could be noticed that MOE generally increases in higher stress
grade.
Table 6 Flatwise 3-point bending test results
Species

Eastern Hemlock

Eastern White Pine

MSR
2100Fb-1.8E (SPF)

(x106 psi)

COV
(%)

21

1.46

18.81

No.1

23

1.40

19.72

No.2

15

1.31

21.14

No.3

18

1.27

21.62

Total

77

1.37

20.50

Select Structural

17

1.18

20.85

No.1

10

1.16

17.41

No.2

15

1.03

15.79

No.3

14

1.10

13.50

Total

56

1.12

17.86

Set 1

40

1.85

8.67

Set 2

30

1.93

23.54

Total

70

1.89

17.36

Grade

# of Boards

Select Structural

MOE

Bending tests were done on both sides of the second batch of Eastern Hemlock and
MSR boards, to verify the correlation between the results for each side. Results showed a
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correlation Coefficient of 0.997 for bending stiffness measured on side A and side B of all
boards, which indicates a close to perfect match for the results on both sides.

Figure 15 MOE results for Side-A and Side-B of boards

5.2. Mechanical Properties Spatial Variation
Activities described in this part are contributions to a parallel study to evaluate the
effects of wood defects on mechanical properties of laminations and eventually on the
overall structural performance of CLT panels. Objectives of this parallel study include the
development of knot specification database along with corresponding mechanical
properties from available Lamstock to perform as the fundamental data to create a
stochastic and probabilistic model. To reach this purpose, the selected number of
laminations are examined for knot patterns and mechanically tested to establish the spatial
variation of mechanical properties with a mapped-out knot pattern for each lamination.
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5.2.1.

Defect measuring
Selected Eastern Hemlock, Eastern White Pine and MSR boards were visually

evaluated for characteristic parameters of knots on boards. These parameters included size
(maximum diameter & minimum diameter), orientation and location (length & width
coordinate) of knots for each lamination. Each knot was individually numbered and
measured for size and location on all 4 sides of the board to accurately record knot pattern.
5.2.2. Surface imaging
Surface imaging was also used in this dissertation to record defect data for each
lumber. In this method, an imaging setup was prepared in BCT Wood Mechanics Lab to
take photos of all 4 sides of boards. Photos were taken as 4 consecutive images of every 3
ft. of the boards and then they were stitched together using photo editing tools to create a
full-length photo of the lumber for each side.

Figure 16 Surface imaging setup in BCT Wood Mechanics Lab
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5.2.3. Knot Pattern Data Analysis
Using full-length photos of boards, the image of the knot pattern was manually
generated using photo imaging software as an overlay on the original photo. In this method,
each photo was examined for knots and their boundaries were manually marked out to
shape a final knot pattern image.

Figure 17 (a) Board surface image (b) Knot pattern image
A MATLAB code was scripted to extract knot pattern data including size,
orientation, and location for each knot from generated images. Extracted data created a
database for knot pattern data of each structural grade of Eastern Hemlock, Eastern White
Pine and MSR. This database can be used as the stochastic data to generate probabilistic
models of knot pattern for specific grades of these species.

Figure 18 Extracted knot specifications and suggested stochastic distributions for
Eastern Hemlock (a) Maximum diameter of knots (b) Minimum diameter of knots (c)
Orientation of knots
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Figure 19 Knot pattern for 6 No.1 Eastern Hemlock boards and randomly generated
boards using knot pattern data and fitted stochastic distributions.
The extracted data from knot pattern images processing was compared with
accurate hand measurements by checking the correlation coefficient of the two series of
data. For this purpose, Knot Area Ratio, the area of knots per unit length of the board over
the area of the corresponding board surface was calculated for both hand measurement and
image processing. This comparison revealed a relatively good match of the results from
two methods with a correlation coefficient of 0.97 which demonstrated the accepTable
Bccuracy of the image processing method (Figure 21). A minor difference is acceptable
due to different judgments for recognition of knots boundaries in hand measurement and
manual knot markup in an image processing method which may not be the same.
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Figure 20 Comparison between image processing method and hand measurementsMOE
Spatial Variation
The same selection of boards that were used in knots hand measurement was used
for incremental bending tests to map out the spatial variation of MOE along the length of
the boards. Incremental three-point bending tests were done over a clear span of 30 in. And
span to depth ratio of 23:1 in increments of 6 in. along the length of boards. The total of 19
bending tests was conducted over every 12 ft. long board in accordance with ASTM D198
& ASTM D4761. Boards were loaded at the speed of 0.1 in/min to a maximum mid-span
deflection of 0.1 inch. 1 in. linear variable differential transformer (LVDT) was used to
accurately record the mid-span displacement with a frequency of 5 reads per second (5 Hz).
Boards were loaded up to 20% of the expected proportional limit to keep the stresses in
elastic range and not compromising the boards, as they were going to be used in CLT
fabrication.
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Figure 21 Incremental 3-point bending test
MOE for each bending test is measured, and spatial variation of MOE along the
length of each board is mapped out. Using the knot measurement data, the correlation
between the characteristics of knots and spatial variation of mechanical properties in
dimensional lumber is being verified in a parallel study as a joint research program on
Northeastern species in hybrid CLT panels.

5.3. Analytical Model
Shear Analogy method, as explained in CLT Handbook (US Edition) was used in this
dissertation to create an analytical model to evaluate structural performance of several
layups for hybrid CLT panels using MSR and Eastern Hemlock. Visual grading and
stiffness data from flatwise bending tests as presented in Table 6 were used as input for the
analytical model. NDS Supplement was used as a reference for bending strength of Eastern
Hemlock and MSR 2100Fb-1.8E. Rolling shear tests results were used for shear properties
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of Eastern Hemlock. Final layup for 3 hybrid CLT panels was laid out, including No.1 or
better in the top layer, Eastern Hemlock No.2 & No.3 in mid-layer and MSR in the bottom
layer.

Figure 22 hybrid CLT panels layup and sectional dimensions
Using Shear Analogy method effective bending stiffness (𝐸𝐼𝑒𝑓𝑓 ), apparent bending
stiffness (𝐸𝐼𝑎𝑝𝑝 ), bending capacity (𝑓𝑏 𝑆𝑒𝑓𝑓 ), effective shear stiffness (𝐺𝐴𝑒𝑓𝑓 ) and shear
capacity (𝑓𝑣 (𝐼𝑏/𝑄)𝑒𝑓𝑓 ) of custom layup CLT panels were calculated as below:
ℎ3

𝐸𝐼𝑒𝑓𝑓 = ∑3𝑖=1 𝐸𝑖 × 𝑏𝑖 × 12𝑖 + ∑3𝑖=1 𝐸𝑖 × 𝐴𝑖 × 𝑧𝑖2
𝐸𝐼𝑎𝑝𝑝 =

𝐸𝐼𝑒𝑓𝑓
10.5×𝐸𝐼𝑒𝑓𝑓
1+
𝐺𝐴𝑒𝑓𝑓 𝐿2

𝑀𝑏 ≤ 𝑓𝑏 𝑆𝑒𝑓𝑓 , 𝑆𝑒𝑓𝑓 =
𝐺𝐴𝑒𝑓𝑓 =

(2)
2𝐸𝐼𝑒𝑓𝑓
⁄𝐸 ℎ
1

(3)

𝑎2

(4)

ℎ
ℎ
ℎ
[( 1 )+ ( 2 )+( 3 )]
2𝐺1 𝑏
2𝐺2 𝑏
2𝐺3 𝑏

𝑉 ≤ 𝑓𝑣 (𝐼𝑏/𝑄)𝑒𝑓𝑓
(𝐼𝑏/𝑄)𝑒𝑓𝑓 =

(1)

(5)

𝐸𝐼𝑒𝑓𝑓
⁄
ℎ
𝐸1 ℎ1 𝑧1 + 𝐸2 22 𝑧2
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(6)

5.4. CLT Panels Fabrication
5.4.1. Lamstock preparation
Using the results from the analytical study, boards for each individual layer were
assigned. Lumbers for mid-layer were cut into the desired length and all lumber pieces
were individually numbered and tracked for their position in the CLT layup. All boards
were in the environmental chamber in BCT Wood Mechanics Lab and maintained at the
average MC of 12% and a temperature of 70⁰F.
5.4.2. Adhesive
Cascophen Adhesive System G-1131, a two-component resorcinol-formaldehyde
resin adhesive was used for the first Eastern Hemlock CLT (EH-CLT-1). Cascophen G1131 is a room-temperature setting adhesive which is certified through AITC 405 to be
used in CLT fabrication. This adhesive has two parts of resin and powder which should be
3

mixed in a weight ratio of 5 to 1 and offers the work time of 3 4 hours in 70℉. Adhesive
instruction recommends the MC 0f 8-16% and temperature of 70℉ or higher. EH-CLT-1
was fabricated in January 2017 with a room temperature of 70-73℉ and average MC of 910% for lumbers. The adhesive provides a maximum of permissible closed assembly time
after spreading the glue and applying pressure. Pressure 0f 25-250 psi is generally used for
Cascophen G-1131 and the minimum pressure period should be 8 to 10 hours in 70℉.
Adhesive roller was used for EH-CLT-1. Due to lack of pressure gage on a hydraulic press,
no exact pressure could be measured, but the pressure was increased to the limit that
adhesive could be noticed squeezing out of all bonds surfaces to ensure that pressure is
equally distributed. The specimen was left under pressure over the night to ensure the
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quality of bonding. No glue failure was noticed with EH-CLT-1 in mechanical tests which
were confirming the good quality of the adhesive bond.
The other CLT panels were fabricated using LOCTITE® HB E452 PURBOND,
liquid single-component polyurethane adhesive which cures under the action of air
humidity and moisture in the wood and requires the minimum of 8% and recommended
value of 12% moisture content at the time of applying adhesive. Purbond E425 provides
45 minutes of assembly time and needs a minimum of 2 hours for pressing and curing time.
A pressing force of 120 to 200 psi is recommended by the adhesive instruction for the
effective bond. The cold press was used in the fabrication of EH-CLT-2&3 and was
providing the maximum of 80 psi which is common in CLT fabrication. Laminations were
at the MC of 12%, and fabrication took place in BCT Wood Mechanics Lab. There was no
noticeable glue failure in bending tests of EH-CLT-2&3. EH-CLT-1 was not edge glued
on any of the layers. However, EH-CLT-2 & 3 were edge bonded in mid-layer to enhance
the rolling shear behavior of the CLT panels.
5.4.3. Clamping frame
Hydraulic press in BCT Fabrication Lab in UMASS, Agricultural Engineering
building was used to fabricate the first Eastern Hemlock CLT (EH-CLT-1). Press system
was including 12 hydraulic jacks and 6 steel racks equally distanced over the 12 ft. length
of the CLT. A wood framework was made to restrict displacement of laminations after
applying the adhesive and pressure. 3 in. of wood lumbers and 2 steel C channels were
used on top of the CLT to ensure even distribution of pressure.
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Figure 23 EH-CLT-1 under pressure in the hydraulic press, BCT Fabrication Lab,
UMASS, Agricultural Engineering building and application of adhesive to EH-CLT-1
EH-CLT-2&3 were fabricated using the cold press on the concrete floor in BCT
wood Mechanics Lab at UMAS, John Oliver Design Building. This system was a screw
driven press using the concrete floor as the bed and bolted galvanized rods running a steel
profile on top to provide and distribute pressure on CLT. Applying torque to the bolts and
putting tension in the rods which are connected to the floor, provides the required pressure
in this system. To estimate the existing tension in rods, the formula provided by the rod’s
manufacturer was used. The formula was calibrated by conducting some mechanical tests
in-house and used as below:
𝑇 = 𝐾𝐷𝑃

(7)

Which T is the required torque in lb.in, D is the diameter of steel rod, P is the desired
tension in the rod in lbs. and K is the adjustment factor which was determined as 0.23. The
pressure of 80 psi was targeted on the surface of CLT and considering the tributary width
for each steel rack the desired torque for each bolt was calculated and using an industrial
torque wrench it was accurately applied on each bolt.
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Figure 24 Applying adhesive on EH-CLT-3 and cold press in BCT Wood Mechanics Lab
at UMASS, John Oliver Design Building
The hydraulic press in the Wood Mechanics Lab in Olver Design Building at
UMASS was used to fabricate the other CLT panels. This Press was the old hydraulic press
with some upgrades that were moved to the new house of BCT Wood Mechanics Lab. The
new hydraulic press included 14 hydraulic jacks running seven equally distanced racks.
The pressure was evenly distributed through an 8 in deep OSB panel on top of the glued
specimens.
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Figure 25Upgraded hydraulic press in BCT Wood Mechanics lab in Olver Design
Building

5.5. Test Setups
5.5.1. Four-Point Bending Tests
Total of 8 four-point bending test were conducted on four CLT panels of each species using
a 30K Material Test System (MTS®) screw-driven universal testing machine. Tests were
conducted as instructed in ASTM D198 for the Flexural Two-Point Loading test. The clear
span was slightly different for each test due to differing widths and lengths of the CLT
panels that resulted from the different fabrication frameworks for the panels. Test spans
and dimensions for each panel is provided in Table 7.
Table 7 CLT panels’ dimensions and bending test spans
Number

Thickness
(in)

Width (in)

Length (in)

Test Span
(in)

Span to
Depth ratio

EH-CLT-1

3.9

18.25

144

135

34.6:1

EH-CLT-2

3.9

16.5

144

135

34.6:1

EH-CLT-3

3.9

15.9

144

131

33.6:1

EH-CLT-4

3.9

12

144

141

36.2:1
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EWP-CLT-1,2,3,4

10.1

12

144

141

36.2:1

The loading scheme followed an initial loading of up to 2500 lbs., set back to 500
lbs. and then loading up to the failure of CLT panel. The initial cycle back eliminates the
effects of sitting and balancing of the specimen on supports to have more reliable reading
on the 2nd round of loading. Readings included the mid-span displacement using Linear
Variable Differential Transformer (LVDT) for elastic part of deformations and load and
displacement for MTS loading crosshead with a read frequency of 10 Hz. and test speed
was set to 0.5 inches per minute.

Figure 26 Four-point bending test setup
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Using the recorded load and displacement data the apparent bending stiffness
(EIapp) and moment capacity (Mmax) of the beams were calculated using the following
equations:
𝑃𝑎(3𝐿2 − 4𝑎2 )
48∆
𝑃𝑚𝑎𝑥 . 𝑎
=
2

𝐸𝐼𝑎𝑝𝑝 =
𝑀𝑚𝑎𝑥

In these equations L represents the test span, a is the distance between the load point
and the center of the closer support and Pmax is the maximum load at failure. The EIapp and
Mmax were used to evaluate the bending performance of the hybrid panels in caparison with
capacities of established CLT grades in ANSI APA PRG320.
5.5.2. Short-span Bending Tests
Short-span center-point bending tests were conducted to evaluate shear properties
of the hybrid CLT panels as described in ASTM D198 and shown in Figure 5. Ten
specimens were cut out of two CLT panels including 5 Eastern Hemlock and 5 Eastern
White Pine hybrid CLT panels. The specimens were measuring 12 in wide by 27 in long
with a panel thickness of 3.3 in for Eastern Hemlock and 1.38 in for Eastern White Pine.
The bending span was 24 in resulting in a span to depth ratio of 6.15 and 5.81 for Eastern
Hemlock and Eastern White Pine, respectively. Two LVDTs (one on either side of the
specimen) were used to record mid-span displacement at the neutral axis at a rate of 10 Hz.
The test speed was set to 0.5 in/min which ensured that tests met the minimum requirement
of 4 min to reach failure.
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Figure 27 Short-span bending tests set-up

5.5.3. Rolling Shear tests
Rolling shear tests followed the setup proposed by Meng et al. in 2015 with
reference to Standard Test Methods for Structural Panels in Planar Shear (ASTM 2011).
Eighteen rolling shear specimens were cut out of CLT-4 and CLT-5 with the width of 5.4
in., length of 15.6 in and 1.3 in. as the mid-layer thickness. Width and length of the
specimens satisfied the specimen minimum size requirements by ASTM D2718, Which is
not less than four times the thickness in width nor twelve times the thickness in length.
Test specimens were tested as shown in Figure 6 at a speed of 0.05 in/min, and one LVDT
with a reading frequency of 10 Hz was used to record the shear deformation in mid-layer
(∆). The shear modulus (G) and shear strength (𝜏) were calculated as below:
𝐺=
𝜏=

𝑡𝑐𝑟𝑜𝑠𝑠 𝑃
𝐿.𝑤.∆

𝑐𝑜𝑠(𝛼)

𝑃𝑚𝑎𝑥 𝑐𝑜𝑠(𝛼)
𝐿.𝑤
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(8)
(9)

Figure 28 Rolling sear test setup and parameters

5.6. Results and Discussion
5.6.1. Four-point Bending Tests
Figure 29 shows images of hybrid CLT panels four-point bending tests at failure.
Shear and bending failures were noticed in Eastern Hemlock hybrid panels. EH-CLT-1,
which was not edge bonded, primarily failed in rolling shear. Bending failure was the main
failure mechanism for EH-CLT-2 and EH-CLT-4. However, one of the laminations in the
bottom layer of EH-CLT-2 failed in rolling shear. Rolling shear was the dominant failure
mechanism for EH-CLT-3 as well. Eastern All White Pine hybrid panels failed in bending
with the failure of the tensile layer in between the load points where the maximum bending
moment happens in the beam.
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EH-CLT -1

EH-CLT-2

EWP-CLT-1

EWP-CLT-4

Figure 29 Four-point bending tests at failure
EH-CLT-1 and EH-CLT-3, which mostly failed in rolling shear, showed a similar pattern
of shear failure starting from one of the load points on the top of the mid-layer and
continuing as a shear failure in mid-layer to reach the support at the bottom of the midlayer resulting in separation of the bottom layer on one end, up to mid-span. In EH-CLT1 minor rotations of mid-layer lumbers were also noticed due to rolling shear failure and
not being bonded on edges. Rolling shear in both CLT panels happened just on one side
and mostly in the distance between one of the load points to the closer support, which
was the area of maximum shear in bending beams. Bending failure in hybrid panels
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happened under and between the load points, and it was mostly initiated by knot defects
in the bottom layer.

Figure 30 (a) Shear failure in CLT-3 (b) Bending failure in CLT-2
The load-displacement results are presented in Figure 31. The loads in the graphs
for the panels are adjusted to the load per unit of the width of panels, which makes it
possible to compare the results for panels of different widths. Eastern Hemlock hybrid
panels have shown slightly higher strength compared to Eastern White Pine panels.
However, EWP panels have demonstrated more ductile behavior with considerable
compression failure in top layer before tensile failure. Eastern Hemlock panels with
bending failure mechanism (EH-CLT-2 & 4) have shown more ductile behavior compared
with those which primarily failed in shear.
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Figure 31 Four-point bending tests results (a) Eastern Hemlock (b) Eastern White Pine
hybrid panels
The results for the 4-point bending tests are summarized in Table 8, including
maximum load (Pmax), crosshead deflection at failure (∆max) and apparent bending stiffness
(𝐸𝐼𝑎𝑝𝑝 ) and maximum bending capacity (𝑀𝑚𝑎𝑥 ) per unit width of panels. Characteristic
value for serviceability properties is considered as the mean value and 5th percentile for
strength properties. Eastern Hemlock and Eastern White Pine panels demonstrated similar
bending stiffness with Eastern White Pine having slightly a higher value of 95x106 lb.in2/ft,
however, the difference in the section size and respectively the effective moment of inertia
(Ieff) may not allow for direct comparison of the two species against each other.
Table 8 Four-point bending test results. Left: Eastern Hemlock, Right: Eastern White
panels
Pmax ∆ max EIapp Mmax
Pmax ∆ max EIapp
Mmax
Panel #
Panel #
(lb./ft)
(in)
(106lb.in2/ft) (lb.ft/ft)
(lb./ft)
(in)
(106lb.in2/ft) (lb.ft/ft)
EH-CLT-1

9,283

3.94

95

17,069

EWP-CLT-1 8,526

6.73

100

16,874

EH-CLT-2

9,967

5.62

84

18,327

EWP-CLT-2 8,357

7.09

96

16,539

EH-CLT-3

9,998

4.11

92

17,663

EWP-CLT-3 7,873

7.42

89

15,582

EH-CLT-4

8,726

4.92

94

17,270

EWP-CLT-4 7,780

5.53

95

15,398

Mean

9,494

4.65

91

17,582

6.69

95

16,098

Mean
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8,134

COV (%)

6.41

16.71

5.26

3.15

COV (%)

4.47

12.35

4

4.47

Characteristic
Value

----

----

91

16,670

Characteristic
Value

---

---

95

14,915

Comparing the four-point bending test results for hybrid CLT panels with bending
properties of pure Eastern Hemlock and Eastern White Pine panels (Kaboli et al. In-press)
indicates 40% and 78% of increase in characteristic bending capacity for Eastern Hemlock
and Eastern White Pine panels respectively. According to the same experimental results
the bending stiffnesses for hybrid panels are also increased as 2% for Eastern Hemlock and
23% for Eastern White Pine panels.
5.6.2. Short-span Bending Tests
Short-span bending tests provided maximum bending load (Pmax) and deflection at
midspan (∆ 𝑚𝑎𝑥). Using the following equations, shear capacity per unit of the width
(Vmax) and effective shear stiffness (GAeff) were calculated:
𝐺𝐴𝑒𝑓𝑓 =

𝐾𝑠 𝑃𝐿
5
∆
6

3𝑃

= 10∆ (Ross 2010)

𝑃𝑚𝑎𝑥
2
𝐿 = 𝑡𝑒𝑠𝑡 𝑠𝑝𝑎𝑛
𝑘𝑠
𝑉𝑚𝑎𝑥 =

1
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑜𝑟 𝑠𝑖𝑚𝑝𝑙𝑦 𝑠𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑 𝑏𝑒𝑎𝑚𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑚𝑖𝑑𝑠𝑝𝑎𝑛
4
According to Fellmoser and Blass (2004), in solid wood panels with span to depth
ratios of 6 or less the portion of bending deformation is less than 30% and shear is the
major deformation mechanism. The shear contribution to bending deformation in CLT
panels will be even more significant due to considerable rolling shear deformation in cross
layers. In this dissertation, the effective shear stiffness values (GAeff) are calculated
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assuming the deformation in short-span specimens with span to depth ratios of 6.15 to be
all shear deformation (sample calculation in Appendix A). This approach is slightly
conservative yet acceptable in order to evaluate the shear stiffness of the hybrid panels
compared to ANSI PRG 320 suggested design values.
The short-span bending test results for Eastern Hemlock and Easter White Pine
hybrid panels are presented in Table 9. The characteristic shear capacity for the Easter
Hemlock and Eastern White Pine hybrid panels is measured to be 8,198 lb/ft and 8,052
lb/ft respectively. The effective shear stiffness for Eastern White Pine hybrid panels is
calculated as 1.03x106 lb/ft which is higher than the average value of 0.83x106 lb/ft for
Easter Hemlock panels.
Table 9 Short-span bending tests results. Left: Eastern Hemlock, Right: Eastern White
panels
∆ max GAeff Vmax

Pmax ∆ max GAeff

Vmax

(106lb/ft)

(lb/ft)

EWP-SS-1 17,183 0.47

0.95

8,592

0.77 9,438

EWP-SS-2 20,404 0.60

0.92 10,202

0.57

0.93 9,499

EWP-SS-3 20,195 0.52

1.16 10,097

21,587

0.50

0.95 10,794

EWP-SS-4 18,917 0.50

1.05

EH-SS-5

22,231

0.56

0.77 11,115

EWP-SS-5 23,783 0.57

1.07 11,891

Mean

19,791

0.58

0.83 9,896

COV (%)

10.43

10.89 11.93 10.43

Characteristic
Value

---

Specimen #

Pmax
(lb./ft)

(in)

EH-SS-1

17,263

0.61

0.73 8,632

EH-SS-2

18,877

0.67

EH-SS-3

18,998

EH-SS-4

---

(106lb/ft)

Specimen #

(lb/ft)

0.83 8,198

Mean

(lb./ft)

(in)

9,459

20,096 0.53

1.03 10,048

COV (%)

12.08

9.73

9.56

12.08

Characteristic
Value

---

---

1.03

8,052

The typical failure was shear cracks starting adjacent to one of the supports
expanding in mid-layer from the bottom layer to the top layer near the loading point (Figure
32). No bending failure was noticed in any of the short-span tests.
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Figure 32 Typical shear failure in short-span bending tests

The experimental results from the short-span shear tests were fairly matching the
shear test results from the short-span tests on pure Eastern Hemlock and Eastern White
Pine CLT panels done by the author (Kaboli et al. In-press). The major failure mechanism
in short-span shear tests is rolling shear which happens in the mid-layer and the highquality laminates in the bottom layer of the hybrid panels will not have a significant effect
on the rolling shear properties of the mid-layer.
5.6.3. Rolling Shear Tests
ANSI PRG 320 does not instruct rolling shear tests to evaluate shear properties of
the CLT panels. However, in this dissertation rolling shear tests were conducted to provide
a better understanding of Eastern Hemlock shear performance in mid-layers of the hybrid
CLT panels and the results are not compared to the ANSI/APA PRG 320 requirements for
performance rated CLT panels. Total of 14 rolling shear specimens were cut out of CLT-4
and CLT-5 and were tested to failure providing the Rolling Shear Modulus (G90) and
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Rolling Shear Strength (fs). The rolling shear test results for both CLT panels are presented
in Table 10.

Table 10 Above: Eastern Hemlock rolling shear tests results. Below: Eastern White Pine
rolling shear tests results
Panel #

# of
Specimens

EH-CLT-4
EH-CLT-5
Total

5
7
12

Panel #

# of
Specimens

EWP-CLT-4
EWP-CLT-5
Total

9
7
16

G90 (psi)
COV
Mean
(%)
11,055
28.21
13,287
36.23
12,357
35.07

G90 (psi)
COV
Mean
(%)
17,622
30.68
23,680
32.25
21,030
35.14

Mean
186
218
204

Mean
242
258
251

fs (psi)
5th%
140
141
139

fs (psi)
5th%
168
212
192

COV
(%)
13.29
19.80
19.48

COV
(%)
17.21
10.18
13.85

The high variation of the test results for Shear Modulus is suggested to be a result
of different density, annual rings orientation and natural characteristics of mid-layer boards
in the specimens. According to Aicher and Dill-Langer (2000), the shear modulus can vary
by a factor of about 4, as the orientation of annual rings changes, and the maximum G90
happens when the mid-layer laminate has a growth ring angle of 45°. Changes in growth
rings orientation may not considerably change the shear strength values. It was noticed that
among the rolling shear specimens, those with angled growth rings and higher densities
were measured to have higher shear modulus.
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Eastern White Pine demonstrated higher shear stiffness with and average shear
modulus of 21,030 psi compared with 12,357 psi shear modulus of Eastern Hemlock hybrid
panels. The higher shear stiffness of Eastern White Pine hybrid panels could be due to the
direction of the grains and saw a pattern of the boards in mid-layer. A considerable number
of the Eastern White Pine boards used in the fabrication of the panels were recognized to
be quarter sawn, while most of the Eastern Hemlock boards where flatsawn dimensional
boards. The rolling shear properties of the two species were close and were confirming the
shear capacity results from the short-span bending tests.
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CHAPTER 6
COMPARISON OF TEST RESULTS WITH PRG 320
Table B2 in ANSI/APA PRG 320 (2018) is considered as the reference to compare
the experimental results and structural evaluation of the Eastern Hemlock hybrid CLT
panels. Table B2 provides with ASD reference design values of 3, 5 and 7-layer CLT panels
for four grades of E-rated (grade E), and 3 grades of visually graded (grade V) CLT panels.
In order to compare the test results with suggested capacities, the test result characteristic
values are converted to ASD design values format and the results are presented in Table
11. In order to convert characteristic values to design values conversion formulas as below
were undertaken:
Allowable bending capacity (FbSeff) = characteristic bending capacity (Mmax) ÷ 2.1 × 0.85
Allowable shear capacity (Vs) = characteristic shear capacity (Vmax) ÷ 3.15

The moment capacities in the major strength direction were multiplied by a factor
of 0.85 for conservatism as described in the standard.
Table 11 ASD capacities of 3 ply Eastern Species CLT Panels
CLT
Layers
CLT
FbSeff
Vs
EIapp
GAeff
Depth Thickness
6
2
Species
(lb.ft/ft)
(lb/ft) (10 lb.in /ft) (106 lb/ft)
(in)
(in)
EH

3.9

1.3

6,747

2,603

91

0.83

EWP

4.13

1.38

6,037

2,556

95

1.03

The results from the four-point bending tests include the minor effect of the shear
deformation in the CLT layers so for better comparison of the experimental results the
apparent flexural rigidity (EIapp) including the shear deformation of the bending beam is
also generated using the following equation:
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𝐸𝐼𝑒𝑓𝑓
10.5 × 𝐸𝐼𝑒𝑓𝑓
1+
𝐺𝐴𝑒𝑓𝑓 𝐿2

𝐸𝐼𝑎𝑝𝑝 =

In this equation, EIeff and GAeff for each CLT grade are taken from columns in Table
11 and L is 141 in, the same as bending span in four-point bending tests.

Table 12 ASD reference design values for PRG320 3-layer CLT grades
CLT CLT
Layers
Grade Depth
Thickness
(in)
(in)

FbSeff
(lb.ft/ft)

Vs
(lb/ft)

EIeff
GAeff
EIapp
(106 lb.in2/ft) (106 lb/ft) (106 lb.in2/ft)

E1

4.13

1.38

4,525

1,430

115

0.46

102

E2

4.13

1.38

3,825

1,910

102

0.53

93

E3

4.13

1.38

2,800

1,110

81

0.35

72

E4

4.13

1.38

4,525

1,750

115

0.50

103

V1

4.13

1.38

2,090

1,910

108

0.53

98

V2

4.13

1.38

2,030

1,430

95

0.46

86

V3

4.13

1.38

1,740

1,750

95

0.49

86

The capacities in Table B1 of ANSI/APA PRG320 are calculated for layers with a
thickness of 1.38 in which is the same size for Eastern White Pine laminates in this
dissertation, but slightly thicker than the thickness of 1.3 in for the Eastern Hemlock
boards. The numbers in Table 11 should be adjusted to the size of Eastern Hemlock
laminates so the test results could be evaluated in comparison with CLT grades capacities.
The allowable capacities in Table B2 of PRG 320 are developed using Shear Analogy
method explained in CLT Handbook (2013) and the allowable design properties for CLT
Grades in Table B1 of PRG320. Using the same method and the referenced properties, the
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structural capacities for CLT Grades were recalculated using the desired sizes for laminates
(1.3 in), and the results are presented in Table 12.

CLT
Grade

Table 13 Adjusted ASD reference design values for PRG320 3-layer CLT
CLT
Layers
FbSeff
Vs
EIeff
GAeff
EIapp
Depth Thickness (lb.ft/ft)
(lb/ft)
(106 lb.in2/ft) (106 lb/ft) (106 lb.in2/ft)
(in)

(in)

E1

3.9

1.3

4,050

1,351

97

0.44

87

E2

3.9

1.3

3,425

1,800

86

0.50

79

E3

3.9

1.3

2,500

1,051

69

0.33

62

E4

3.9

1.3

4,050

1,651

97

0.50

88

V1

3.9

1.3

1,850

1,800

91

0.50

83

V2

3.9

1.3

1,800

1,350

80

0.43

73

V3

3.9

1.3

1,550

1,650

80

0.46

73

Comparing the ASD design values of 4-point bending tests from Table 11 with
values in Table 12 and 13 reveals the acceptable bending performance of the hybrid CLT
panels. For Eastern Hemlock, the average value of 91x106 lb.in2/ft as the apparent bending
stiffness (EIapp) is higher than the corresponding values of EIapp for CLT Grades in Table
12. Eastern White Pine’s bending stiffness (95x106 lb.in2/ft) from table 11 is also equal or
greater than the apparent stiffness values of CLT Grades V1, V2, E2 and E3 in Table 12.
This shows satisfactory stiffness of the Eastern Hemlock hybrid panels as an important
governing serviceability factor in many CLT designs. Considering the smaller cross section
of Eastern Hemlock panels, it can be noticed that the stiffness results for Eastern Hemlock
panels exceed the stiffness values for all the CLT Grades, while the EIapp for Eastern White
Pine panels is less than the minimum requirements for 3 CLT Grades of V3, E1, and E4.
The higher stiffness properties of Eastern Hemlock hybrid CLT panels can be a result of
the higher density of Eastern Hemlock boards compared to Eastern White Pine laminations.
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The ASD values for the bending capacity of both Eastern Hemlock and Eastern
White Pine hybrid panels as 6,747 lb.ft/ft and 6,037 lb.ft/ft was significantly higher than
the ASD design values for CLT Grades in Table 12 and 13. This is likely due to the high
strength MSR boards (2100Fb-1.8E) being used in the tensile layer of the hybrid CLT
panels which resulted in substantial bending capacity, compared to PRG 320 requirements
for CLT Grades.
The effective shear modulus (GAeff) and allowable shear capacity results for
Eastern Hemlock hybrid panels from short-span bending tests (Table 11) are 0.83x106lb/ft
and 2,603 lb/ft, which both are meeting the minimum requirements of the CLT Grades in
Tables 13. The same statement is correct for Eastern White Pine hybrid panels with the
average shear modulus of 1.03x106lb/ft N/m and allowable shear capacity of 2,556 lb/ft
which are greater than corresponding values in Table 12 for all CLT Grades.
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CHAPTER 7
CONCLUSION
Bending and shear properties of the Eastern Hemlock and Eastern White Pine
hybrid CLT panels were measured following the instructions of ANSI/APA PRG 320. The
long-span bending tests resulted in allowable bending capacities of 6,747 lb.ft/ft and 6,037
lb.ft/ft, and bending stiffness of 91x106 lb.in2/ft and 95x106 lb.in2/ft for Eastern Hemlock
and Eastern White Pine hybrid CLT panels respectively. The four-point bending test results
for both species met the minimum requirements of at least three CLT Grades in PRG320
in Tables 12 and Table 13. Using high strength, MSR lumber in tensile layer resulted in a
significant bending capacity of the hybrid CLT panels. Shear properties of the panels were
measured by conducting short-span bending tests per species which resulted in allowable
shear capacity and stiffness of 2,603 lb/ft and 0.83x106lb/ft for Eastern Hemlock, and
2,556 lb/ft and 1.03 x106lb/ft for Eastern White Pine hybrid CLT panels. The shear ASD
values were all greater than the minimum requirements of the CLT Grades, concluding the
acceptable structural performance of both species in hybrid CLT panels, compared to PRG
320 CLT Grades. Rolling shear properties of the No. 3 and better laminates in mid-layer
of hybrid CLT panels was investigated through rolling shear tests in compliance with
ASTM D2718 which resulted in average shear modulus of 12,357 psi (COV 35.07%) and
characteristic shear strength of 139 psi (COV 19.48%) for Eastern Hemlock hybrid panels.
The characteristic stiffness and strength for Easter White Pine were measured as 21,030
psi (COV 35.14%) and 192 psi (COV 13.85%). High variation in shear modulus was
suggested to be a result of different growth rings orientation and density of the mid-layer
laminates in each rolling shear specimen.

63

The key findings of this experimental study can be summarized as below:
•

Eastern Hemlock as a highly abundant and infested local Northeastern species
can perform acceptable structural behavior in top and mid-layers of hybrid
CLT panels in conjunction with higher quality MSR laminates to meet the
minimum bending and shear requirements of PRG320 CLT Grades. This can
provide a potential market for Eastern Hemlock and establish financial bases
for economical harvesting and thinning of highly infested trees in Northeast

•

Eastern White Pine’s structural performance in hybrid CLT panel was
evaluated through PRG320 standard instructions for performance rated CLT
panels and met all the bending and shear requirements of this standard. Eastern
White Pine as the 3rd harvest material in Massachusetts and a fast-growing
species which makes it a good choice for sustainable harvesting can be an
option for mass timber products such as hybrid CLT panel.

•

This dissertation investigated the incorporation of wood species with
undesirable or low mechanical properties in conjunction with high strength
machine rated lumbers in hybrid CLT panels to meet the minimum
requirements of ANSI/APA PRG 320 the standard for performance rated CLT
and the adequate performance of the CLT panels were confirmed. This
research sets the ground to explore the possibility of other low-quality species
or infested wood materials as resources for high-quality mass timber products
such as Cross Laminated Timber. This dissertation also developed the
methodology for evaluation of the hybrid CLT panels following the
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instructions of ANSI/APA PRG320 and provided experimental results for
further development of the codes and standards for Cross Laminated Timber.
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APPENDIX A
SAMPLE CALCULATION FOR TABLES 8 AND 9
The calculation of the variable EIapp and Mmax in Table 8 follows the instructions of
the ASTM D198-13 for two-point loading:

𝐸𝐼𝑎𝑝𝑝 =

𝑎(3𝑙 2 − 4𝑎4 )𝑃
48∆

Which,
𝑃
= 𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑔𝑟𝑎𝑝ℎ
∆
𝑎 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑙𝑜𝑠𝑒𝑟 𝑠𝑢𝑝𝑝𝑜𝑟𝑡
𝑙 = 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑠𝑝𝑎𝑛
Considering EWP-CLT-1 as the sample specimen we have the load displacement
graph as follow:

Fig A.1 Four-point bending load-displacement graph for EWP-CLT-1
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𝑃
= 𝑠𝑙𝑜𝑝𝑒 = 1998 𝑙𝑏⁄𝑖𝑛
∆
𝑙 = 141 𝑖𝑛
𝑎 = 47.5 𝑖𝑛

𝐸𝐼𝑎𝑝𝑝

𝑎(3𝑙 2 − 4𝑎4 )(𝑃2 − 𝑃1 ) 47.5 × (3(141)2 − 4(47.5)4 )
=
=
× 1998
48(∆2 − ∆1 )
48
= 100 𝑙𝑏. 𝑖𝑛2

𝑀𝑚𝑎𝑥 = 𝑃𝑚𝑎𝑥

𝑎
2

= 8,526 × 47.5
= 16,874 𝑙𝑏. 𝑓𝑡/𝑓𝑡
2 × 12

The bending deflection of a straight beam that is elastically stressed and has a
constant cross section throughout its length is given by (Ross 2010):
∆=

𝑘𝑏 𝑃𝐿3
𝐸𝐼

+

𝑘𝑠 𝑃𝐿
5
𝐺𝐴
6

Where constants, kb and ks, are chosen depending upon loading configuration,
support conditions, and the location of the point where deflection is calculated. The first
addend of the formula represents bending deflection and the second addend represents
shear deflection. According to Fellmoser and Blaß (2004), almost 80% of the bending
deflection in solid wood panels with a span-to-depth ratio of 5 is due to shear deformation,
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and this percentage would presumably be even more in CLT panels with considerable
rolling shear deformations in the mid-layer. In this dissertation, the bending deflection of
the short-span beams are considered to be entirely shear deformation. It is recognized that
this approach may be conservative and may result in slightly lower shear stiffness values.
As such, the shear stiffness formula in this dissertation includes only the second addend of
the bending deflection formula. Maximum shear capacity of the panels is calculated per
Equation 5.
𝐺𝐴𝑒𝑓𝑓 =
𝑉𝑚𝑎𝑥 =

𝐾𝑠 𝑃𝐿
5
∆
6

3𝑃𝐿

= 10∆

𝑃𝑚𝑎𝑥
2

𝐿 = 𝑡𝑒𝑠𝑡 𝑠𝑝𝑎𝑛
1

𝑘𝑠 = 4 for simply supported beam with concentrated load at midspan
𝑃
∆

= slope of the load deflection graph of short-span bending test

Considering the linear elastic part of the load-displacement graph measured by
LVDT for EWP-SS1 as the sample specimen for this calculation we have:
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Fig A.2 Short-span bending load-displacement graph for EWP-CLT-1
𝑃
lb
= 131,506
∆
in
𝐿 = 24 𝑖𝑛
b = width of test specimen (in)
𝐺𝐴𝑒𝑓𝑓 =

3𝐿 𝑝 𝑏
× ×
10 𝐿 12

= 0.95 × 106 𝑙𝑏/𝑓𝑡

𝑉𝑚𝑎𝑥 =

=

𝑃𝑚𝑎𝑥
2
17,183
= 8,591 𝑙𝑏
2
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APPENDIX B
EASTERN HEMLOCK IN BAMBOO-REINFORCED GLULAM

This is a publication in ASCE Journal of Materials in Civil Engineering:
Kaboli, H., and Clouston, P. L. (2019). "Eastern Hemlock in Bamboo-Reinforced Glulam."
J.Mater.Civ.Eng., 31(1), 04018335.

ABSTRACT
Eastern hemlock (Tsuga canadensis) is an abundant yet underutilized low-value tree
species native to the Northeast region of the United States. Developing value-added
markets for these trees would improve local forest management and bolster local forest
economies. This dissertation presents an analytical and experimental investigation into the
structural capabilities of double vertical glue-laminated eastern hemlock beams that are
reinforced with a tensile layer of Laminated Veneer Bamboo (LVB). LVB is a sustainable
engineered bamboo product with appreciable and reliable tensile strength. This dissertation
examines the effect of LVB reinforcement on failure modes, bending strength, stiffness,
ductility and design values of eastern hemlock beams. Analytical methods are presented
for modeling nonlinear structural behavior of beams in bending and inspecting failure
modes for different wood strengths, followed by finite element modeling of both reinforced
and unreinforced beams. Four-point bending tests were conducted and the results
confirmed the analytical predictions. Tests indicated a 16% increase in beam stiffness and
an 81% increase in characteristic (5th percentile) modulus of rupture (MOR). A
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methodology is proposed for determining optimum rate of reinforcement for structural
performance.
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INTRODUCTION
Glued laminated timber (Glulam) has been in existence as a viable construction
material since the late 1800’s. Its composite nature inherently results in lower strength
variability and higher design values than traditional solid timber and allows for a variety
of shapes and long-span capabilities. Accordingly, it is often used in large-scale
applications in direct competition with steel and concrete. Reinforcing Glulam in the
tensile zone can lead to further increases in flexural capacity by offsetting the negative
effects of natural wood defects in tension, particularly for low-quality species where knots
and slope of grain are the usual drivers of failure.
Many materials have been proposed over past decades to reinforce wood beams. Early
studies by Mark (1961) and Sliker (1962) investigated using aluminum as a tensile
reinforcement, while studies by Bohannan (1962), Peterson (1965), Lantos (1970) and
Bulleit et al. (1989) examined the effect of prestressing glulam beams using steel plates or
cables. More recently, Jasieňko (2002a; 2002b) and De Luca and Marano (2012; 2011)
examined using glued-in steel bars in wood as reinforcement. Some researchers have
focused their efforts on methods to retrofit existing beams. For example, employing Fiber
Reinforced Polymers (FRP) such as carbon sheets (CFRP) (Borri et al. 2005; Johnsson et
al. 2007; Borri et al. 2003; Dagher et al. 1996) and fiber glass sheets (GFRP) (Fiorelli and
Dias 2003; Radford et al. 2002; Plevris and Triantafillou 1992; Hay et al. 2006; Gilfillan
et al. 2003) to improve beam performance. Implementation of carbon pultruded sheets
(Raftery and Harte 2011; Raftery and Whelan 2014; Nowak et al. 2013; D’Ambrisi et al.
2014; Schober and Rautenstrauch 2007) and use of composite rods or bars inserted in
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grooves at the tension side of timber beams (Svecova and Eden 2004; Alam et al. 2009;
Micelli et al. 2005) has also been proposed as wood reinforcement methods.
All of these studies found significant improvement in strength, stiffness and loadcarrying capacity of the beams; however, no one system has become a commercial success,
partly due to the prohibitive cost of the reinforcing materials. This has arguably presented
an opportunity for natural materials to be investigated such as bamboo, flax, hemp and
basalt as reinforcing layers or natural fibers (Borri et al. 2013; de la Rosa Garcia, Pilar et
al. 2013). Compared to other implemented wood beam reinforcement materials, natural
materials have advantages in terms of production costs, pollution emissions and energy
consumption for production and disposal, and the production of these natural materials may
even have a negative balance of carbon dioxide emissions. Implementation of natural high
strength materials such as bamboo, in addition to elevated mechanical properties, such as
strength and lightness, is also beneficial in terms of achieving higher rates of sustainability,
a negative carbon footprint and lower cost of production and disposal.
Eastern hemlock (Tsuga canadensis) is a highly abundant yet underutilized species
growing in the northeast region of the USA. It has minimal market value due to ‘ring shake’
which is a separation of the wood fibers between the annular rings. Unfortunately, the
species is currently infested by a small insect called the hemlock woolly adelgid (Adelges
tsugae annand) affecting approximately one-half of all trees (USDA FS 2013). The insect
feeds on the base of the trees’ needles and can kill the tree within four years. Of major
concern is the large amount of standing dead trees in the near future, which, when they
decay, may pose a risk of falling on people and property or turn into fuel for forest fires.
Harvesting the trees is a potential solution to this threat, but to make harvesting economical,
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a substantial market is needed whereby the value of timber product exceed the thinning
costs. The pest infection is happening in many other forest lands in North America. A
similar issue caused by mountain pine beetle (Dendroctonus ponderosae) which has led to
extensive lodgepole and ponderosa pines mortality in the West Coast and the pose due to
the standing dead trees and the need for a potential outlet to commercialize harvesting the
trees exist. Several researchers tried to mitigate the problems by finding a solution for using
the outlet for this lumber supplies. Mahdavifar et al. (2017) reported on the results of
potential utilization of beetle-killed pine and western hemlock in Cross Laminated Timber
(CLT) products without compromising on their critical engineering parameters
(Mahdavifar 2017; Mahdavifar et al. 2017) . Glulam is another potential market for this
lumber supply and can provide a base for engineering low-quality wood to a value-added
composite wood product. Utilizing the lumber supply in glulam can improve the structural
behavior, enhance the widespread utilization of these types of products, and offer an
efficient way of marketing these trees.
Laminated Veneer Bamboo (LVB) is an engineered building material that has been
getting attention lately for its sustainable attributes and reliable material properties. Its
tensile strength is reported to be in the range of 97.9–137.9 MPa (Mahdavi, M., Clouston,
P. L., Arwade,S.R., 2011) which makes it a good choice as a reinforcement for wood
beams. Unlike other reinforcing materials that have been proposed for wood, (e.g. steel,
aluminum, and FRP), LVB is a bio-based material (as is wood), which complements
wood’s thermal and mechanical properties. Furthermore, LVB is a renewable and
sustainable material like wood, which removes carbon dioxide from the atmosphere by
sequestering it in its cell walls for the lifetime of the product.
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The objective of this dissertation is to examine the performance of composite lowgrade glulam beams made from Eastern Hemlock and reinforced with a tensile layer of
Laminated Veneer Bamboo. The structural performance of the reinforced beams is
compared with unreinforced beams, regarding flexural rigidity, proportional limit, modulus
of rupture (MOR), stiffness and ductility. An analytical study establishes a theoretical
method to analyze the experimental results, criteria for reinforcing limits, and a method to
predict the structural behavior of designed hybrid beams.

MATERIALS AND METHODS
The experimental program involved full scale 4-point flexural testing of vertically
laminated Eastern hemlock glulam (unreinforced beams) and hybrid Eastern hemlock/LVB
glulam (reinforced beams). In all, thirty two beams were fabricated in a university research
laboratory using a hydraulic glulam press and a two-component resorcinol-formaldehyde
resin adhesive, Cascophen adhesive system G-1131 (Momentive specialty chemicals inc.
2011).

Materials
Thirty five green cut nominal 38 x 184 mm boards of Eastern Hemlock measuring
3.66 m long were purchased from a local mill and air dried in the laboratory for 6 months
to an average moisture content of 9.0%. After the drying process, considerable twist and
signs of ring shake were observed in three boards of which were deemed unsuitable for
fabrication. The remaining 32 boards were machined in preparation for the laminating
process to dimensions 38 mm by 177.8 mm by planning both faces and jointing both edges
over the full length.
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Sixteen boards of LVB with average density of 690 kg/m3 were purchased from
Lamboo® Inc. and were machined to the section size of 76.2 mm x 19.05 mm (3.66 m long)
in preparation for beam lamination. The average moisture content of LVB boards were
measured as 9.6% at the time of fabricating the duolams. A concurrent study involving the
same batch of LVB (Khoshbakht et. al. 2017) found the mean MOE to be 11,738 MPa and
the mean tensile parallel-to-grain strength to be 95 MPa.

Glulam Fabrication
All boards were non-destructively tested for material stiffness (MOE) in three-point
flat-wise bending per ASTM D4761 (2013). The boards were sorted by stiffness and
grouped into 4 groups (8 boards each) of increasing stiffness: G1, G2, G3 and G4 as shown
in Table 1. The purpose of the different groups made in Table B.1 was to control fabrication
of the beams to be roughly paired for unreinforced and reinforced datasets. The different
groups are not differentiated in tables 2 and 3; rather, they are discussed in terms of strength
percentiles (5th, 50th, and 95th) which is felt to be more practical for design purposes.
Grading the laminations prior to laminating also provided us with a better understanding
of the range of mechanical properties of Eastern Hemlock boards.
Table B. 1 MOE groupings per non-destructive bending test
Property

Group

G1

G2

G3

G4

Mean (MPa)

6,923

8,344

9,218

12,234

COV (%)

4.58

5.54

2.17

10.00

MOE

Two members of each MOE group were vertically laminated to create a total of 16
duolam beams with average cross-section measuring 76.2mm thick by 177.8mm deep. Fig
B.1 shows the hydraulic press and the laminating process involved applying the adhesive
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over the adjoining surfaces of both boards using an adhesive roller and applying constant
pressure for 6 hours in the hydraulic press.

Fig B. 1 Hydraulic press used in beam laminating process
Half of the 16 duolam beams were then used to create unreinforced beams (2 per MOE
group) and the other half were used to create reinforced beams (2 per MOE group) as
depicted in Fig B. 2.

Fig B. 2 Beams layup and dimensions
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The LVB reinforcement layer was laminated to the underside of 8 duolam beams using
the same glulam press procedure. A conscious effort was made to apply the LVB
reinforcement to the beam edge with the most defects in the high bending zone of the beam
to gain the most benefit of the reinforcement. Unreinforced beams were also visually
inspected and oriented with the most defects in the high bending zone to be the underside
(tensile side) of the beam.

Bending Test Setup
As depicted in Fig B. 3, the beams were tested in four-point bending over a simple
span of 3.505 m in accordance with procedures outlined in ASTM D198 (2015). The beams
were simply supported and loaded by two concentrated forces spaced equidistant from the
supports. An LVDT (linear variable differential transformer) was used at the mid-span of
the beam for recording elastic deflection. The beams were loaded at a constant rate so as
to achieve maximum load in about 10 min (no less than 6 min nor more than 20 min) as
described in ASTM D198 (2015). The loading protocol included a preliminary load cycle
to seat the beam as follows: beams were loaded to 6.7 kN for unreinforced beams and 13.4
kN for reinforced beams (less than 40% of the expected strength) and then unloaded to 2.2
KN and 4.4 KN for unreinforced and reinforced beams respectively, prior to being loaded
to failure.
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Fig B. 3 Test setup for 4-point bending test

EXPERIMENTAL RESULTS
As expected, the predominant failure mechanism of the unreinforced beams was
tensile splitting initiating at a defect (knot or sloped grain) in the high moment zone of the
beam (see Fig B. 4a). The failures were notably abrupt with little warning. The loaddeflection behavior of the unreinforced beams (Fig B. 5) reaffirms this observation
showing almost exclusively linear elastic behavior prior to ultimate brittle failure. Beam
failure is attributed to tensile bending stresses at defects prior to any significant
compressive failure in top of the beam.
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(b)

(a)

Fig B. 4 Beams failure: (a) Unreinforced (b) Reinforced

Fig B. 5 Load-Deflection Curves for Unreinforced and Reinforced Beams
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Contrary to the unreinforced beams, the reinforced beams demonstrated clear
compressive failure. Classic compression wrinkles were observed on the top side of the
beams (Fig B. 4b). The load-displacement curves (Fig B. 5) show considerable non-linear
behavior prior to ultimate collapse due to tensile failure. It is noted that this more desirable
ductile behavior is also a more efficient use of the compressive material in the bending
section.
Serviceability parameters for both unreinforced and reinforced beam samples are
summarized in Table B.2. Test results show improvement in both flexural rigidity and
ductility of reinforced composite beams. Ductility is defined as the ratio of the
maximum curvature (k2) to the curvature at the first moment of yielding in the
compressive zone, (k1) (Plevris and Triantafillou 1992). According to Euler–Bernoulli
beam theory, curvature can be calculated as below:
(1)

1

𝜀

𝜎

𝑘 = 𝑅 = 𝑦 = 𝐸𝑦

Which σ is the stress in the distance of y from neutral axis. According to Fig. 8 the
curvature can be defined as:
(2)

𝑓

𝑡
𝑘 = 𝐸×𝑐

Table B. 6 Experimental results, serviceability parameters
Parameter
EI (kN.m2)
Ductility
(K2/K1)

Type

Unreinforced

Reinforced

% Diff.

Mean

340.1

395.0

16.1

COV (%)

30.5

16.5

45.9

Mean

1.3

1.7

29.5
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Strength Property Analysis
To calculate, analyze, and compare the experimental results in terms of proportional
limit and MOR for the two cases of unreinforced and reinforced beams, analytical methods
were necessary and are explained in the following section.
For these analyses, the assumed uniaxial stress-strain relationship for the wood
material is depicted in Fig B. 6: in tension, there is linear elastic behavior with tensile
strength (ft), corresponding to strain at failure (εt); and, in compression, there is perfectly
plastic behavior with compressive strength (fc), corresponding to the strain at yield (εc).
The LVB was idealized as a linear elastic material with Young’s modulus (Er) and tensile
failure strain (Tr).

Fig B. 6 Wood Stress-Strain relationship
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Linear analysis:
It is suggested that since wood fails in a brittle manner in tension, the nonlinear range
beyond the proportional limit (ie. the stress value whereby stress is no longer proportional
to strain) is due to wood yielding in compression. Hence, referencing Fig B. 7, we equate
the proportional limit with the compression yield strength of the wood (fc). Assuming plane
sections remain plane and given maximum moment (M) occurring at mid-span, the
proportional limit is calculated as:
(3)

𝑓𝑐 = 𝑀×𝐶
𝐼

where I is moment of inertia and c is distance to the extreme fiber in the compressive
zone from the section’s neutral axis.
For the unreinforced beams, MOR equates to the maximum tensile stress in the beam
at failure (i.e. the tensile strength of the wood (ft)) which is calculated from maximum load
and beam dimensions as:
(4)

𝑃𝑚𝑎𝑥 𝐿
𝑏ℎ2

For the reinforced beams, MOR calculations involved a transformed section analysis
whereby the cross-section was transformed to all hemlock, based on the ratio of bamboo
to wood stiffness (n=Eb/Ew ) to find the maximum tensile stress in the beam at failure.
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Fig B. 7 Unreinforced beams: proportional limit and rupture point with corresponding
stress distributions

Non-linear analysis:
ASTM D198 (2015) suggests calculation of MOR based on linear-elastic behavior of
the beams. In this dissertation, we have conducted nonlinear analysis considering the
plastic behavior of the material where the Ultimate Bending Strength is calculated as a
comparison to MOR from linear calculations for both reinforced and unreinforced beams.
To find ft as the ultimate bending strength of the unreinforced beam, the following
procedure is followed. From the equilibrium of forces and stress distribution in the section,
and referencing Fig B. 8, we have:
(5)

𝑎 × 𝑓𝑐 +

𝑏×𝑓𝑐
2

=

𝑐×𝑓𝑡
2
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And the same for the moment equilibrium equation:
(6)

𝑎

𝑤 × 𝑎 × 𝑓𝑐 × (2 + 𝑏) + 𝑤 ×

(𝑏×𝑓𝑐 )
2

×

2𝑏
3

+

(𝑐×𝑓𝑡 )
2

×

2𝑐
3

=𝑀

Where M is the bending moment at the failure point and w is the width of the wood section.
According to the stress distribution geometry, we know:
(7)
(8)

𝑐
𝑏

𝑓

𝑓

= 𝑓𝑡 …………………………so,

𝑐 = 𝑓𝑡 × 𝑏

𝑐

𝑐

𝑎 + 𝑏 + 𝑐 = ℎ ………………………… so,

𝑏=

ℎ−𝑎
𝑓
1+ 𝑡

and

𝑓𝑐

𝑐=

ℎ−𝑎
𝑓
1+ 𝑐
𝑓𝑡

Where h is the height of the wood section and by replacing b and c from (6) in (4) and (5),
we will have the two equations with the two unknowns of a and ft. Here the solution was
found numerically using a computer algorithm. Results are summarized in Table B.3 where
values are given for the 5th, 50th and 95th percentiles for both proportional limit (fc) and
Ultimate Bending Strength (ft) in the column for unreinforced beams.

Fig B. 8 Transformed section and corresponding stress distribution
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Table B. 2 Experimental results of strength parameters
Parameter

Type

Unreinforced

Reinforced

% Diff.

95th%

39.6

38.22

3

50th%

25.53

34.4

35

5th%

13.82

30.03

117

COV (%)

41.76

11.73

72

95th%

47.87

58.45

22

50th%

31.24

49.00

57

5th%

20.02

36.20

81

COV (%)

40.20

17.89

56

95th%

49.47

67.96

37

50th%

32.33

54.44

68

5th%

21.40

37.28

74

COV (%)

39.43

21.57

45

Proportional
limit
(MPa)

MOR
(MPa)

Ultimate
Bending
Strength
(MPa)

The proportional limit for reinforced beams is defined in the same way as it is done
for unreinforced beams, with finding the highest stress in compression zone where stress
is proportional to strain.
For the reinforced beams, again, a transformed section analysis was first employed
(Fig B. 9) to solve for both proportional limit and MOR.
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Fig B. 9 Transformed section and corresponding stress distribution
We propose that there are four possible progressions of failure for the reinforced
beams. Fig B. 10 explains these failure processes in terms of their stress distributions at
incipient failure: 1) both the wood and the LVB remain linear-elastic and the wood ruptures
in tension (Fig B. 10a); 2) the wood is linear-elastic and the LVB ruptures in tension (Fig
B. 10b); 3) the wood has already yielded in compression, then ruptures in tension (Fig B.
10c); and, 4) the wood has already yielded and the LVB ruptures in tension (Fig B. 10d).
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Fig B. 10 Stress distribution for 4 failure modes of reinforced beams
In all cases, ultimate failure is brought on by tensile failure, thus leaving two possible
sources from which to calculate beam ultimate bending strength: wood tensile failure or
LVB tensile failure.
The first failure mode occurs when the wood ruptures before LVB which conceivably
would happen when the wood has major defects and/or the reinforcing layer is thin (Fig B.
10 (a), (c)). A thicker reinforcing layer shifts the neutral axis down toward the tensile zone,
which results in the reduction of stresses in the wood tensile fibers. In order to find the
maximum bending strength of the beam in this mode of failure, we assumed that the tensile
strength of the wood in bending (ft) is the same as ultimate bending strength for the
unreinforced beams which is already determined in the previous step.
Parameters a, b, and c (in Fig B. 9) and the maximum tensile stress in the reinforcement
layer are found through the equilibrium of forces and the geometry of the stress distribution
in the section. The bending strength for this mode is:
88

(9)

𝑎

(𝑏×𝑓𝑐 )

2

2

𝑀1 = 𝑤 × 𝑎 × 𝑓𝑐 × ( + 𝑏) + 𝑤 ×

×

2𝑏
3

+𝑤×

(𝑐×𝑓𝑡𝑤 )
2

×

2𝑐
3

+ 𝑤𝑡𝑟 ×

(𝑓𝑡𝑤 +𝑓𝑡2 )×𝑡
2

×

𝑡

(𝑐 + )
2

(10)

𝑤𝑡𝑟 =

𝐸𝑟
𝐸𝑤

×𝑤

The second mode of failure happens when the reinforcing layer ruptures first (Fig B.
10 (b), (d)). For finding the bending capacity in this mode, we consider the equivalent
tensile strength of LVB (ftr) as ft LVB, the extreme fiber stress in the reinforcing layer (Fig B.
9) and then we find the stress distribution in the beam. The bending strength for this mode
is:
(11)

𝑡
2

(12)

𝑎

(𝑏×𝑓𝑐 )

2

2

𝑀2 = 𝑤 × 𝑎 × 𝑓𝑐 × ( + 𝑏) + 𝑤 ×

×

2𝑏
3

+𝑤×

(𝑐×𝑓𝑡1 )
2

×

2𝑐
3

+ 𝑤𝑡𝑟 ×

(𝑓𝑡1 +𝑓𝑡𝑟)×𝑡
2

× (𝑐 +

)

𝑓𝑡𝑟 =

𝐸𝑤
𝐸𝑟

× 𝐹𝑏 𝐿𝑉𝐵

The dominant failure mode will be one of two modes which leads to the smaller
moment in the beam section and the ultimate bending strength will be the extreme fiber
stress in the reinforcing layer of transverse section in the corresponding mode:
(13) 𝑀𝑚𝑎𝑥 = 𝑀𝑖𝑛 (𝑀1 , 𝑀2 )
It is noted that when determining the neutral axis, based on the equilibrium of forces
and the geometry of the stress distribution in the bending section, it is important to
consider that the equilibrium equation may be a second-degree equation with two
different results for the unknown in a valid area of results for that unknown. For example,
if we chose a from Fig.8 as our unknown to find the exact place of the neutral axis and
rewrite the equilibrium equation for all the other variables, based on just one unknown of
a, then we may have a second-degree equation with two values of a1 and a2 in the valid
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range of 0 < a < h when h is the height of the wood section. In such cases, the smaller
answer is selected as it will be reached first when the load is gradually applied over the
section:
(14) 𝑎 = 𝑀𝑖𝑛 (𝑎1 , 𝑎2 )

Strength Property Results and Discussion
Table 3 provides a summary of the results of all calculated strength parameters. Not
surprisingly, most of the strength properties of the Eastern Hemlock glulam beams are
improved with LVB tensile reinforcement. Most notable is the proportional limit results
which show a significant increase of 117% in the characteristic 5th% values.
Characteristic values have more importance than other percentile values as they are
employed in determining allowable stress design values of wood beams. The MOR and
Ultimate Bending Strength also indicate a considerable improvement in flexural strength,
especially for 5th% values (81% and 74% improvement for MOR and Ultimate Bending
Strength, respectively).
It was also noticed that the strength results matched well with the MOE groups
that were created prior to fabrication of the duolams. For the unreinforced beams, the
lowest (5th%) and highest (95th%) strength beams were made from boards from groups 1
(lowest stiffness) and 4 (highest stiffness), respectively. For the reinforced beams, the
highest strength beam contained the stiffest member of the MOE group 4 and the lowest
strength beam contained the lowest stiffness board from the 2nd MOE group.
The variability in the mechanical properties in Table 3 is notably high,
particularly for the unreinforced beams (42% COV). This finding is attributed to the
high frequency of natural strength reducing defects (i.e. knots and slope of grain),
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particularly common in Eastern Hemlock. Moreover, the lumber in this dissertation
was not visually graded, increasing the potential for strength variability.
The coefficient of variation for the reinforced beams, however, was considerably
less (COV 22%) which is a result of applying high quality engineered Bamboo (with few
natural defects) on the tensile zone of the bending beam. This has the effect of controlling
the negative effects of the natural defects in the high stress zone of the beam which leads
to premature failure of the laminated beam.

REINFORCEMENT RATIO ANALYSIS
Reinforcement ratio is defined in this dissertation as the ratio of reinforcement
thickness (t) to the height of glulam wood section (h) as shown in Fig B. 9. Utilizing the
previously described formulas for calculating the Ultimate Bending Strength, it is possible
to determine a relationship between the reinforcement ratio and Ultimate Bending Strength
for different reinforcement materials and different wood grades and/or species.
Referencing Fig B. 11, it can be seen that there is a critical value for the reinforcement ratio
at which the mode of failure shifts from wood failure to reinforcement failure. The critical
reinforcement ratio (𝑟𝑐𝑟 ) depends on 3 parameters: the ratio of tensile to compressive
strength of the wood,

𝑓𝑡
𝑓𝑐

, the ratio of the equivalent tensile strength of the reinforcing

material to the compressive strength of the wood,

𝑓𝑡𝑟
𝑓𝑐

and the ratio of the elastic modulus of
𝐸

reinforcing material to the elastic modulus of the wood, 𝐸 𝑟 :
𝑤

(15) 𝑟𝑐𝑟 =
(16) 𝑞1 =

𝑡𝑐𝑟
ℎ
𝑓𝑡
𝑓𝑐

=

2(𝑞2 −𝑞1 )
1+3𝑞1 +𝑞3 𝑞2 2 −𝑞3 𝑞1 2

, 𝑞2 =

𝑓𝑡𝑟
𝑓𝑐

and 𝑞3 =

=

2(𝑞2 −𝑞1 )
1+3𝑞1 +𝑞3 (𝑞2 −𝑞1 )(𝑞2 +𝑞1 )

𝐸𝑟
𝐸𝑤
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For the reinforcement ratios below the suggested critical value, the wood fails before
the reinforcement which means that the reinforcing layer cannot effectively reinforce the
wood section to shift the neutral axis down and prevent the wood from rupture. Therefore,
the reinforced beams with the same rate of reinforcement may still experience high
variability for bending strength.
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Fig B. 11 Reinforcement Ratio (rr) and Bending Capacity relationship for 5th%, 50th%,
and 90th%
The analysis would be more reliable if the failure occurs as a rupture in the LVB
reinforcing layer with the lower rate of defects, in comparison to the pure wood part of the
composite beam with a higher range of variability in properties. Also, in hybrid beams with
lower quality wood (i.e. in the range of the 5th%), there is a significant increase in the

92

bending capacity of the beam when utilizing reinforcement ratios higher than the critical
amount of reinforcing layer as a result of shifting the failure mode from wood failure to
reinforcement failure (Fig B. 11).
Increasing the reinforcement ratio results in pushing the neutral axis down, so most of the
wood in the composite section and even some part of the reinforcing layer would be in
compression. The main purpose of applying the reinforcement in this dissertation is
enhancing the flexural behavior of the beam as a tensile reinforcement, so here the
suggested maximum reinforcement ratio is suggested as the amount of reinforcement
which puts all of the wood in compression and the reinforcing layer takes all the tensile
stress in the section, or it could be said, when the neutral axis reaches the upper side of the
reinforcing layer:
(17) 𝑟𝑚𝑎𝑥 =

𝑡𝑚𝑎𝑥
ℎ

=

2𝑞2
1+𝑞3 𝑞2 2

Finite-Element Models
Finite element models were developed for different strength percentiles (5th%, 50th%,
and 95th%) and reinforcement ratios (rr). Three types of materials were used in FE
simulation: Eastern Hemlock compressive zone (Plastic), Eastern Hemlock tensile zone
(elastic) and LVB (elastic). The compressive part of the model section was including
elastic-perfectly plastic material, simulating compressive yield in wood material allowing
the simulation of plastic behavior in bending beam. Tensile part of the beam, including the
part of Eastern Hemlock, happened in tensile zone, and the LVB reinforcement were
simulated as elastic materials. Properties of the materials are shown in Table B.4. The depth
of the plastic material was estimated as half of the beam height and validated after each
simulation. Developed using ADINA-AUI 9.1.2, the models simulated the four-point
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bending experimental set-up. Meshes consisted of plane stress 2D-Solid type elements,
which are 9-node bricks with two degrees of freedom per node corresponding to
translational motion. A finer mesh was used for the LVB reinforcing layer with different
mechanical properties assigned. Beam dimensions were the same as the beams in the
experimental tests. The boundary conditions corresponded to two-point loads equally
distanced from each other and supports, which were modelled as simply supported (Fig B.
12). The finite element simulation results for reinforcement ratio of 11% is compared to
reinforced beams experimental results in Fig B. 13.

Fig B. 12 Finite Element model demonstrating reinforced beam deflection and stress
distribution
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Fig B. 13 FE Model simulation (rr =11%) compared to reinforced beams experimental
results

Table B. 3 FE input material properties
Material
Eastern
Hemlock
Plastic

MOE
(MPa)

9,524

Eastern
Hemlock
Elastic

9,524

LVB

11,738

Strength
Group

Proportional
limit (MPa)

MOR
(MPa)

95th%

39.60

---

50th%

25.53

---

5th%

13.82

---

95th%

---

47.87

50th%

---

31.24

5th%

---

20.02

---

---

95.00

The load-deflection results are presented in Fig B. 14. The results confirm that there
is a notable increase in ductility and nonlinear behavior as reinforcement thickness
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increases and this nonlinear behavior is expected to be more significant in higher rates of
reinforcement for lower strength grades. Also, the FE models’ strength properties presented
in Table B.5 shows overall improvement of the strength properties in reinforced beams,
however, more improvement is noticed in reinforced duolams with lower strength
properties and higher reinforcement ratio. It could be said that using a higher rate of
reinforcement is more effective for the lower quality which can considerably improve the
5th% value. The experimental results confirm this statement as well (Table B.3).
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Fig B. 14 FE Model: Load-Deflection
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Table B. 4 FE Model results of strength parameters
Reinforced
Type
Unreinforced
rr = 11%
% Diff
rr = 22%

% Diff

95th%

41.17

44.14

7

43.79

6

50th%

29.00

27.59

-5

27.87

-4

5th%

13.92

17.17

23

15.93

14

95th%

48.16

69

43

85.55

78

50th%

31.59

44

41

66.89

112

5th%

13.92

27

96

45.02

224

Ductility and stiffness
The effect of reinforcement ratio (rr) and the wood strength on the composite beams’
bending behavior is shown in Fig B. 15 and Fig B. 16. It is noticeable that by increasing
the thickness of the reinforcing layer on the tensile zone, a transition from brittle failure to
ductile failure is possible. Also, higher rates of reinforcement will result in a higher bending
capacity in beams. For lower strength wood with the same reinforcement rate as the higher
strengths, more ductility is achieved. Lower compression strength leads to a considerable
failure in compression part of the bending section, while the rupture in the tensile zone has
not happened yet, so a significant non-linear bending behavior will happen. In some cases
where the wood doesn’t rupture before the reinforcement layer, it can even lead to a plastic
hinge forming and can continue to carry the load till the reinforcing layer fails. The
experimental results, shown previously in Fig B. 5, for unreinforced and reinforced beams
with 10.7% of reinforcement ratio, confirms this transition from a brittle to ductile failure
mode.
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Fig B. 15 FE Model: Moment-Curvature Relationship
Defining the strain (ε) at the extreme top or bottom of the beam and knowing the
location of the neutral axis (y), it is possible to calculate the beam curvature as k=ε/y.
Results of the experimental four-point bending tests show a 29.5% of increase in ductility
of the reinforced beams with a reinforcement ratio of 11%, in comparison to the
unreinforced beams (Table B.1).
The flexural rigidity (EI) can be established from the moment-curvature relationship
and the incremental equation EI = ΔM/Δk, where k is the bending curvature. Fig B. 16
demonstrates the increase in flexural rigidity as the reinforcement ratio increases. The
experimental results also show 16% increase in the flexural rigidity of the composite
beams. Without a significant difference in the stiffness of the Eastern Hemlock and the
LVB, shear forces between the two layers are minimized. This minimum shear force
between the layers will reduce the chance of shear failure in the adhesive layer between the
duolam and the reinforcing layer.
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Fig B. 16 FE Model: Moment-Flexural Rigidity for Different Reinforcement Ratios (rr)

CONCLUSION
This dissertation examined, through experimental tests and numerical models, the
serviceability and strength benefits of employing laminated veneer bamboo (LVB)
reinforcement on Eastern Hemlock duolam beams. A total of 8 reinforced and 8
unreinforced beams were fabricated. Four-point bending tests were conducted up to the
failure of both reinforced and unreinforced beams to compare the structural performance
of reinforced beam with unreinforced ones. Test results indicated an average of 16% higher
bending stiffness of reinforced beams vs. unreinforced beams. Ductility was also higher by
29.5% for the reinforced beams. The MOR was increased by 57% and 81% for the mean
value and the 5th percentile, respectively. The Coefficient of Variation for MOR reduced
from 40% to 18%. No premature delamination or shear failure between the reinforcing
layer and the glulam was observed. A nonlinear analysis was undertaken to investigate the
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structural behavior of the reinforced beams and the two parameters of the critical
reinforcement ratio and the maximum reinforcement ratio were established based on the
properties of both the glulam and the tensile reinforcing material. In summary:
•

Selection of LVB as the reinforcing material (with relatively similar physical and
mechanical characteristics to wood) reduces the potential for delamination or
interfacial shear failure in a hybrid glulam. It also complements the sustainability
aspects of the end-product.

•

Results indicate that LVB tensile reinforcement of low-grade lumber is most
effective with characteristic (5th percentile) properties (as opposed to mean values)
which will result in establishing higher design values for hybrid glulam beams of
this type.

•

According to FE models, a higher ratio of LVB reinforcement thickness to wood
thickness results in a higher rate of improvement in stiffness. This is an important
finding because long span beam applications are often governed by deflection;
engineering improved stiffness in this way reduces section size and uses resources
more efficiently.

•

Low quality lumber joined with laminated veneer bamboo can effectively reduce
the variability of mechanical properties and produce high quality engineered beams
with significantly improved strength and the serviceability parameters.

Further research is required to draw a more accurate understanding of variability in hybrid
glulam beams and more accurate prediction of structural behavior.
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NOTATION
a = depth of wood cross section corresponding to yielded part of wood section;
b = depth of wood cross section corresponding to elastic part of wood section in
compression;
c = depth of wood cross section corresponding to elastic part of wood section in tension;
C = neutral axis depth;
Er = young’s modulus of reinforcing layer;
Ew = young’s modulus of wood;
ft = tensile strength of wood;
ft1 = stress corresponding to extreme tensile fiber of wood;
ft2 = stress corresponding to extreme tensile fiber of reinforcing layer;
ftr = tensile strength of transformed section corresponding to the reinforcing layer’s
tensile strength;
fc = compressive strength of wood;
h = depth of beam cross section;
I = moment of inertia;
k1 = curvature at first yield;
k2 = maximum curvature;
l = beam length;
M = bending moment;
𝑞1 =
𝑞2 =
𝑞3 =

𝑓𝑡

;

𝑓𝑐
𝑓𝑡𝑟
𝑓𝑐
𝐸𝑟

𝐸𝑤

;
;

rr = reinforcement ratio;
rcr = critical reinforcement ratio;
rm = maximum reinforcement ratio;
t = thickness of reinforcing layer;
tmax = maximum thickness of reinforcing layer;
Tr = tensile strength of reinforcing layer;
W = width of beam cross section;
Wtr = transformed width of the reinforcing layer;
εc = strain corresponding to the compressive strength of wood;
εt = strain corresponding to the tensile strength of wood;
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